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Abstract
Cold, neutral gas within galaxies is the fuel which drives both star formation and black hole
growth, which in turn dictates galaxy evolution. We can use the 21 cm radio transition of neutral
atomic hydrogen (HI) to trace the cold neutral medium, both in emission up to redshifts z ∼ 0.3,
or in absorption towards background radio-bright active galactic nuclei (AGN). However, radio
frequency interference has limited previous HI studies.
The Australian Square Kilometre Array Pathfinder (ASKAP) telescope is situated in a radio-
quiet environment. This location, combined with the large instantaneous bandwidth and wide
field-of-view of ASKAP, greatly enables HI surveys. The First Large Absorption Survey in
HI (FLASH) will improve on previous studies by over two orders of magnitude in number of
sightlines to radio-bright continuum sources searched. FLASH will hence greatly increase our
understanding of the evolution of the cold neutral gas content in galaxies with redshift, and the
impact radio AGN have on this material.
In preparation for FLASH, I present work to support target selection and survey analysis.
I constructed a website which grants quick access to a database of radio catalogues and multi-
wavelength information, to aid target selection during early science commissioning. I also
developed a photometric redshift indicator method for radio AGN. This method uses the all-sky
mid-infrared information from the Widefield Infrared Survey Explorer (WISE) mission to clas-
sify radio galaxies and provide a redshift probability distribution. This publicly available tool
addresses the lack of spectroscopic redshift information for many radio AGN. It can be applied
to large area radio surveys undertaken with ASKAP and other existing and upcoming radio tele-
scopes. In particular, the method can help distinguish between intervening and associated HI
absorption detected in FLASH.
I also present the results of two pilot HI absorption surveys to investigate what we can learn
from full FLASH. One survey was conducted towards dust-obscured AGN in the redshift space
0.4 < z < 1 with a prototype array of ASKAP. Dust-obscured AGN represent a transitional
period of galaxy evolution. However, such AGN are difficult to study due to this obscuration
at optical wavelengths. There is a need to better understand the effect of AGN feedback on the
star-forming fuel within the host galaxy during this stage. In this study three detections of HI
gas are made, and in each case the AGN is confirmed to be obscured by material within the host
galaxy.
The second HI absorption survey was towards nearby (z < 0.1) compact radio galaxies
as a low-redshift study to complement FLASH. Compact radio galaxies are considered to be
young or recently re-triggered in their radio activity. Seven detections were made, and the
multi-wavelength properties from mid-infrared, optical and X-ray studies were used to make
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new findings. These include that narrow and deep absorption features are preferentially found
in mid-infrared late-type and high-excitation radio galaxies, and that absorbed X-ray sources
may be good tracers of HI content within the host galaxy.
Combined, the work presented in this thesis contributes to both early commissioning and
techniques to aid analysis of the full FLASH survey, as well as our understanding of the HI gas
kinematics in young radio galaxies at low redshift, and galaxies hosting obscured AGN at high
redshift.
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CHAPTER
1
Introduction
1.1 Preamble
It is still less than 100 years since we realised that the Milky Way, our galaxy, is just one of
two trillion galaxies in the observable Universe (see review in Conselice et al., 2016). While
we have studied millions of galaxies through a combination of ground and space-based tele-
scopes (e.g. the Hubble Ultra Deep Field study; Beckwith et al., 2006) and have modelled their
evolution through supercomputer simulations (e.g. the Illustris simulation; Genel et al., 2014;
Vogelsberger et al., 2014), further questions remain. For instance, how did the earliest galaxies
form, and how did they evolve into those we see in the local Universe? Furthermore, what
factors drive that evolution?
By studying the star-forming fuel that makes up a significant bulk of galaxies, and the evo-
lution of this material with redshift, we can test and improve our models and theories on galaxy
evolution. Specifically, we can better understand the role active galactic nuclei (AGN) have on
the cold neutral gas from which stars can form, and hence how they shape galaxy evolution.
Observations of neutral atomic hydrogen (HI) with radio telescopes toward AGN is one way to
overcome dust obscuration to study this material and how the AGN affects it.
This chapter provides a brief overview of AGN and their impact on the reservoir of cold
neutral gas from which stars form and galaxy evolution, how we can use the 21 cm transition
of HI gas to study how AGN influences this material, and the redshift space enabled by the
Australian Square Kilometre Array Pathfinder telescope for HI absorption studies. We also
discuss the work necessary to both conduct early science commissioning HI surveys, and to aid
analysis of the full First Large Absorption Survey in HI (FLASH) project.
1.1.1 History of extragalactic astronomy
First speculated in ancient times, for example by the Greek philosopher Democritus, we grad-
ually understood that the Milky Way is a collection of stars and interstellar gas. This was first
observed by Galileo Galilei back in 1610. The Milky Way was believed to be the collection of
everything in the Universe by most astronomers. Observations were recorded of other galaxies
but were not understood to be external to the Milky Way. As an example, in the 10th century
observations by the Persian astronomer Al-Sufi were recorded of the Andromeda Galaxy, which
he described as a distant cloud. It was only in 1750 that Thomas Wright predicted that what
were believed to be distant nebulae could in fact be separate galaxies (Wright, 1750). In 1755,
Immanuel Kant coined the term ‘island Universe’ to describe these nebulae; the island uni-
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Figure 1.1: An updated adaptation of Hubble’s ‘tuning fork’ classification of galaxies (Hubble,
1926b). E0, etc. galaxies are elliptical in morphology and relatively large and low in star for-
mation, while the S-galaxies are spiral galaxies, where each subtype exhibits different features
(e.g. bulges, bars, spiral arms). Irregular (Irr) galaxies are the result of recent merger events
between massive galaxies.
verses hypothesis evolved into the notion that these spiral-shaped nebulae are truly independent
galaxies.
Catalogues of these nebulae were compiled in the following years (e.g. Messier, 1785; Her-
schel, 1786). While several distance indicators were used to support the hypothesis that these
objects were extragalactic, debate continued. The most notable example was the ‘Great De-
bate’ between Curtis and Shapley, held in 1920 at the Smithsonian Museum of Natural History.
Curtis was a proponent of the island universes hypothesis (Curtis et al., 1918), while Shap-
ley argued that the observed nebulae were within the Milky Way (Shapley, 1919). The debate
was not immediately resolved, although some evidence supporting Curtis was soon found to be
incorrect.
A few years later, Edwin Hubble, using the 100-inch Mt. Wilson telescope, was able to
determine that these nebulae were truly extragalactic. By resolving parts of the nebulae to in-
dividual stars, he located individual Cepheid variables, and hence could determine the distance
to these sources (Hubble, 1925, 1926a, 1929). Following this work, he characterised the physi-
cal properties of these nebulae, given in the famous ‘tuning-fork’ diagram (Figure 1.1; Hubble,
1926b). The three main classes of galaxies he identified, each with their own sub-divisions,
were the elliptical, spiral and irregular galaxies.
It is noted that the spiral galaxies were granted the unfortunate name of ‘late-type’ galaxies,
and elliptical ‘early-type’, which continues to be used in the literature today. This implies that
elliptical galaxies evolve into spiral types. However, it is now understood that the spiral galaxies,
also often described as ‘blue’ galaxies, of smaller stellar masses (M∗) and high star formation
rates (SFR) can transition towards the large M∗ and low-star forming ‘red and dead’ elliptical
galaxies (e.g. Blanton et al., 2003; Kauffmann et al., 2003; Baldry et al., 2004). The currently
popular hierarchical model of galaxy evolution, which arose during the 1960s, proposes that
galaxies form and evolve through successive mergers of smaller bodies across billions of years
until they eventually form giant elliptical galaxies.
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Figure 1.2: The star-forming main sequence of galaxies in the Sloan Digital Sky Survey (York
et al., 2000), where the y-axis is the specific star-formation rate (sSFR = SFR/M∗). As the blue
galaxy population accretes cold gas, these galaxies grow in mass until they are quenched of this
fuel, and transition to the red population with low star formation. Image from Heckman & Best
(2014).
The blue galaxy population has a close relationship between the SFR and M∗ (Brinchmann
et al., 2004; Daddi et al., 2007; Salim et al., 2007). Figures 1.2 and 1.3 show the star-forming
main sequence relationship for sources in the Sloan Digital Sky Survey (SDSS; York et al.,
2000) and Cosmological Evolution Survey (COSMOS; Scoville et al., 2007) respectively. These
illustrate that as a typical galaxy evolves, it moves to higher masses through the accretion of cold
gas. This continues until it reaches a critical mass where the supply of gas is shut off and star
formation stopped; that is, the galaxy is quenched. From there, the galaxy only grows in mass
through galaxy merger events as it transitions to the red population (Lilly et al., 2013).
Before we examine a significant contributor to star formation triggering and quenching, we
review the star-gas-star cycle within galaxies.
1.1.2 Star-gas-star cycle
All stars return much of their original mass to the interstellar medium (ISM) through stellar
winds and death events, such as planetary nebulae for low-mass stars, and supernovae for high-
mass stars. Particularly with the latter scenario, the gas that is ejected is hot and ionised, and
shock waves generated from the supernovae also sweep up, heat and ionise the surrounding
interstellar gas (Figure 1.4).
This gas eventually cools and assumes the neutral state making up the bulk of the interstel-
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Figure 1.3: The star-forming main sequence of galaxies in the COSMOS fields (Rodighiero
et al., 2011). The star formation rate is plotted against the stellar mass of the galaxy. The
different points represent separate samples from the Cosmological Evolution Survey (COSMOS;
Scoville et al., 2007) field. Four main samples are used, represented by different points; red
for nearby PACS-COSMOS sources, cyan squares for higher redshift PACS-GOODS sources,
black filled circles the BzK-GOODS sample, and black dots for BzK-COSMOS sources. The
solid black line indicates the main sequence (MS) for star-forming galaxies at z sim 2. Image
from Rodighiero et al. (2011).
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Figure 1.4: The star-gas-star cycle. Stars expel gas into the interstellar medium which is hot
and ionised. The gas then cools into a neutral then molecular state before collapsing and
forming new stars. For star formation to occur, the gas clouds must both be sufficiently cool
and dense. Image from Bennett (2007).
lar medium; 70% is hydrogen and 28% helium by mass, and much of it is neutral. Two dis-
tinct forms exist for the neutral atomic hydrogen (HI) gas; large, sparse (1 atom cm−3) clouds
of warm (10,000 K) atomic hydrogen (the warm neutral medium stage), and smaller, denser
(100 atoms cm−3) clouds of cool (100 K) gas (cold neutral medium).
As the temperature drops further in the centre of the cold neutral gas clouds, hydrogen atoms
combine into molecules to form a molecular cloud. These can congregate into giant molecular
clouds comprised of over a million solar masses of gas, with average temperatures of 30 K and
average densities of 300–1000 atoms cm−3. Such clouds make up the dark, dusty lanes in the
Milky Way which we can see with the naked eye. The cores of these clouds will then collapse
due to gravity when the Jeans instability is satisfied; that is, when the internal gas pressure is not
strong enough to prevent gravitational collapse. This process heats up the cloud until hydrogen
burning (hydrogen fusion) begins, which is the main mechanism that generates energy in stars.
Crucially, this process only occurs when the cloud of neutral gas is sufficiently cold and dense.
Areas surrounding these new stars will be ionised; such pockets of ionised gas are named HII
regions. The cycle is complete when the new stars eventually die and give back their gas to the
interstellar medium.
Nearly all galaxies contain a supermassive black hole (SMBH) at their centre (e.g. King,
2003). This SMBH is believed to be essential in both triggering star formation, in the creation of
dense pockets of gas in the ISM, and quenching by ionisation of the star-forming material, which
heats up the gas and decreases density. The quenching processes behind the transformation
from blue to red galaxies are not fully understood. We now turn our attention to this specific
component of galaxies.
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Figure 1.5: Schematic of the two types of AGN. The radiative-mode AGN can be identified
from broad emission lines via optical spectroscopic surveys of the broad-line region; evidence
of cold-gas feeding of the SMBH. Two types of AGN exist (Type 1 and 2), which is attributed
to a change in orientation of the AGN with respect to our line of sight (the Unification model).
Image from Heckman & Best (2014).
1.2 Active galactic nuclei
An active galactic nucleus (AGN) is, as its name suggests, the compact region at the centre of
a galaxy which radiates across the electromagnetic spectrum. It is comprised of a supermassive
black hole (SMBH) typically of 108 – 109 solar masses, fed by an accretion disc covered in a
torus comprised of interstellar gas and dust. As the accreting material spirals in, particles lose
their angular momentum, adopt a lower orbit and travel faster, resulting in frictional heating of
the accretion disc and radiation that can outshine the host galaxy across multiple wavebands.
Relativistic radio jets, perpendicular to the accretion disc along the spin axis of the black hole,
are sometimes also present (Blandford & Rees, 1974). A highly luminous AGN (L ≥ 1040 W),
hundreds to thousands of times brighter than large galaxies such as the Milky Way, is called a
quasi-stellar object (QSO), or quasar. However, this active state requires a high accretion rate
of the SMBH, which in many galaxies, such as the Milky Way, are currently inactive. AGN are
therefore a temporary phase in the evolution of a galaxy.
In the low redshift universe AGN can be split into two classifications (see Figure 1.5; Croton
et al., 2006; Heckman & Best, 2014). Radiative-mode AGN have efficient cold-mode accretion
processes and are hosted in high-excitation radio galaxies (HERGs). These typically are associ-
ated with lower mass galaxies and trace the evolution of star-forming galaxies. These are iden-
tified through strong emission lines in the optical regime. The jet-mode (radiatively inefficient)
AGN, fuelled through the slow accretion of their hot halo gas falling onto the AGN (hot-mode
accretion), are found within low-excitation radio galaxies (LERGs). LERGs typically trace the
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Figure 1.6: Composite image of Centaurus A from the optical (Rejkuba et al., 2002), radio
(Hardcastle et al., 2007) and X-ray (Kraft et al., 2000). With only the optical image we miss
the extended X-ray and radio emission (AGN feedback), demonstrating the importance for a
multi-wavelength approach in selecting and studying AGN.
massive and passive elliptical galaxy population and are found in rich environments and with-
out the emission lines compared to HERGs. These two populations have separate evolutions in
luminosity and redshift (e.g. Best et al., 2014; Pracy et al., 2016).
AGN are commonly referred to as the central engines of galaxies. Through the radiation
created from the accretion disc, the central SMBH is believed to regulate the formation and
evolution of the host galaxy. While it is not well understood to what extent the SMBH does
this, the observed correlations of the SMBH mass with the galaxy’s stellar velocities, and the
mass and luminosity of the galaxy bulge (Kormendy & Richstone, 1995; Magorrian et al., 1998;
Ferrarese & Merritt, 2000; Marconi & Hunt, 2003) are evidence of its influence. Feedback
processes between the central core and surrounding medium (Bower et al., 2006; Croton et al.,
2006) drive these relationships. Therefore, to properly understand how galaxies evolve, one
must also understand the extent of the AGN’s impact on the galaxy. How, then, can we locate
and study AGN?
1.2.1 Observations of AGN
The radiation from AGN often spans the entire electromagnetic spectrum. Hence, to gain a
complete picture of all the physical processes involved, a combination of the following must be
considered. This is illustrated in Figure 1.6, which gives a combination of the optical, radio and
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Figure 1.7: Examples of optical spectra of radio-loud AGN from the Australian Telescope 20
GHz survey (Mahony et al., 2011). The spectral properties inform us on the ongoing accretion
of the AGN. The top panels show absorption features from an older stellar population within the
host galaxy, indicative of low-excitation radio galaxies (LERGs) with inefficient gas accretion
processes from the galaxy’s hot-gas halo and no ongoing star formation, and the bottom row
shows emission lines seen in high-excitation radio galaxies (HERGs) which have efficient cold
gas accretion onto the AGN.
X-ray views of the Centaurus A galaxy, host of a well-studied AGN.
1.2.1.1 Optical
Thermal emission from the hot (105–106 K) accretion disc surrounding the black hole (Shields,
1978; Malkan & Sargent, 1982) ionises the surrounding material (e.g. gas clouds), resulting in
emission lines we observe in the optical. Presence of this emission can inform us on whether
the accretion disc is unobscured - that is, the emission dominates the galaxy light and hence
appears blue, or obscured by a dusty torus which makes it look redder.
The characteristics of the emission lines also distinguish between different accretion modes
of AGN. There exist Type 1 and Type 2 AGN, separate classes of the radiative-mode AGN (see
left panel in Figure 1.5). Type 1 AGN are identified from the presence of broad and strong
continuum emission lines (e.g. hydrogen, magnesium and carbon), from ionised clouds close to
the SMBH (< 100 parsecs). Type 2 AGN are only found to have narrow emission lines (e.g. the
[OIII] 5007 emission line) from ionised ambient gas clouds extending far from the central core
on scales of 100–1000 parsecs. AGN with weak or absent emission lines are jet-mode galaxies
(right panel of Figure 1.5), e.g. the radio-loud low-excitation radio galaxies, or the radio-quiet
LINERs (Heckman, 1980). Thus by considering the optical emission lines (e.g. Figure 1.7;
Mahony et al., 2011), we can better identify the dominate mode of accretion in active galaxies.
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Large-scale spectroscopic optical surveys (e.g. Two degree Field survey, Six degree Field
survey, Sloan Digital Sky Survey (SDSS); Colless et al., 2003; Jones et al., 2009; York et al.,
2000, respectively) have contributed high quality spectra for over a million nearby galaxies. A
wealth of information is offered from the optical spectra. For example, analysis of emission
line intensity ratios (e.g. [O III] λ5007/Hβ and [N II] λ6583/Hα ratios) can identify the source
of ionisation within galaxies (Baldwin, Phillips & Terlevich - or BPT - diagrams Baldwin et al.,
1981). Elemental abundances are also revealed through the emission and absorption line infor-
mation. However, dust extinction by interstellar dust in an intervening or host galaxy, or dust
within our own galaxy for extragalactic sources behind the galactic plane of the Milky Way,
hamper such measurements. Optically-selected AGN samples are hence biased in that they
may miss out on the obscured stage (Wild et al., 2006).
1.2.1.2 X-ray
X-ray emission, produced by the AGN accretion disc, creates a hot corona surrounding the black
hole. UV photons emitted from the accretion disc are scattered via inverse Compton processes
to X-ray energies (Haardt & Maraschi, 1991; Mushotzky et al., 1993). Analysis of the X-ray
properties of AGN allows us to study the high-energy physics associated with the accretion
disc and SMBH. The X-ray emission probes regions closer to the SMBH than can be achieved
through other wavelengths. X-ray emission is also seen in the relativistic jets, and is perhaps
produced by a combination of inverse Compton scattering and synchrotron radiation (Worrall,
2009; Hardcastle et al., 2009).
Surveys conducted by space-based telescopes such as Swift (e.g. the Swift-BAT AGN Spec-
troscopic Survey (BASS); Koss et al., 2017), Chandra (Weisskopf et al., 2000) and XMM-
Newton (Jansen et al., 2001) offer observations spanning the 0.1-200 keV range. The hard
(high-energy) X-ray band (> 20 keV) provides a largely isotropic distribution of AGN, and di-
rectly probes the X-ray background. Meanwhile, the soft (low energy) X-ray band allows us to
estimate the column of hydrogen gas along the line of sight. Further work is needed to extend
the sensitivity of these X-ray surveys. For example, 90% of the BASS sources lie at z < 0.2
(Koss et al., 2017).
1.2.1.3 Infrared
The mid-infrared continuum emission from AGN, about∼2 - 30 µm, is produced by warm dust
in the obscuring torus. It represents the reprocessing of the primary UV/visible emission from
the accretion disk and soft X-rays from the hot corona.
The Infrared Astronomical Satellite (IRAS; Miley et al., 1985; Spinoglio & Malkan, 1989),
Spitzer Space Telescope (Lacy et al., 2004; Stern et al., 2005; Donley et al., 2008), and the
Widefield Infrared Survey Explorer (WISE; Wright et al., 2010) are all telescopes which have
aided the identification and study of AGN. The WISE catalogue, in particular, contains a huge
sample of galaxies and AGN in the nearby Universe and furthermore is an all sky survey which
is more sensitive than previous all sky studies such as IRAS. The mid-infrared emission WISE
detects is isotropic and identifies nearly all luminous AGN, including Compton-thick AGN.
For example, a 95% reliability in AGN selection can be achieved from a simple WISE colour
cut (Stern et al., 2012; Assef et al., 2013). Only a 66% reliability was found through optical
selection from SDSS. However, mid-infrared measurements are insensitive to less active AGN
where stars dominate the mid-IR emission, and dwarf starburst galaxies can also mimic AGN
in the mid-infrared colour space (Hainline et al., 2016).
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Figure 1.8: The local radio luminosity function of radio-loud AGN, split into radiative and
jet-mode sources (Best & Heckman, 2012). The radiative-mode AGN dominate at higher lumi-
nosities, evidence that the cold-mode accretion has a strong effect on black hole growth. Image
from Best et al. (2014).
1.2.1.4 Radio
Synchrotron emission, created from the helical motion of ultra-relativistic electrons in the mag-
netic fields of the jets, provides the AGN emission seen in the radio regime. A power law is
often used to describe the physical outcome of the synchrotron electron emission, where the
flux density is proportional to the observed frequency to the spectral index α; Sν ∝ να.
Radio selections provide isotropic populations of Type 1 and 2 AGN at low frequencies
(e.g. 50:50 in the revised Third Cambridge Catalogue of Radio Sources (3CRR), Laing et al.,
1983). AGN lifetimes, typically on the scale of 107–108 years, can also be estimated through
the radio SED. However, only about 10% of AGN are believed to be radio-loud. Further work,
such as deeper radio surveys, is needed to better detect the radio-quiet population (e.g. Padovani
et al., 2015). Two distinct categories of AGN are detected in radio surveys, both found over the
full range of radio powers. As seen in Figure 1.8, the jet-mode AGN make up the majority of
the lower radio luminosity population (P1.4 GHz < 1025 W Hz−1), while radiative-mode AGN
dominate at higher power.
As this thesis focuses primarily on the radio regime, we detail key radio surveys in more
detail that are used in Chapter 2. Two large and completed imaging surveys that offer all-sky
coverage at similar frequencies and with the same resolution are:
• The NRAO VLA Sky Survey (NVSS), carried out by the Very Large Array (VLA), is a
1.4 GHz continuum survey covering the entire sky north of -40◦ in declination (Condon
et al., 1998). Included in this survey is a set of 2326 continuum image cubes (4◦ ×4◦) con-
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taining the Stokes I, Q and U images (all with a 45 arcsecond resolution) and a catalogue
of over 1,800,000 sources to a flux density limit of S1.4 GHz = 2.5 mJy.
• The Sydney University Molonglo Sky Survey (SUMSS), carried out by Mauch et al.
(2003) with the Molonglo Observatory Synthesis Telescope (MOST), is a 0.843 GHz
continuum survey covering the entire sky south of -30◦ in declination, outside the galactic
plane (|b| > 10 ◦). As with NVSS, both image cubes (also with an image resolution of
45 arcseconds) and a catalogue of over 200,000 sources are available to a flux density
limit of S0.843 GHz = 6 mJy.
Numerous other surveys span higher and lower frequencies to NVSS and SUMSS, and
hence aid analysis of the spectral energy distribution and important radio AGN populations
in their own right (e.g. the Parkes-MIT-NRAO (PMN) survey; Griffith & Wright, 1993). It is
noted, however, that the sensitivity of current large-area radio surveys is highest around 1.4 GHz
(Sadler, 2016). Lower frequency surveys are often hampered by source confusion, as longer
wavelength surveys lead to a lower resolution. Two specific radio surveys that were of interest
to us within this thesis (Chapter 2 and 5 respectively) are:
• The Australian Telescope 20 GHz survey (AT20G) covers the entire southern sky with
a galactic latitude of |b| > 1.5◦ (Murphy et al., 2010; Massardi et al., 2011). It was car-
ried out with the Australian Telescope Compact Array (ATCA), consists of 5,890 sources
above a flux density limit of 40 mJy at 20 GHz, and includes near-simultaneous observa-
tions at 4.8 and 8.6 GHz for the majority of sources south of -15◦.
• The GaLactic and Extragalactic All-sky MWA Survey (GLEAM) covers the entire
sky south of declination 30◦ (Hurley-Walker et al., 2017). The Murchison Widefield Ar-
ray (MWA) was used to perform the survey through drift-scans (tiles pointed up rather
than moving the antenna) in five bands between 72 and 231 MHz, with frequency band-
widths of ∼31 MHz.
Importantly, different selection techniques recover different AGN populations. Now that we
have covered how we can study AGN and the strengths and weaknesses of each wavelength
class, we consider the younger AGN population that have only recently become active.
1.2.2 Obscured AGN
One picture of the ‘cosmic cycle’, as presented in Figure 1.9 (Hopkins et al., 2006) shows the
birth of cold-mode AGN follows a galaxy merger event. Such merger events occur regularly in
dense environments at high redshifts within simulations of a hierarchical universe (e.g. Illustris;
Genel et al., 2014). If mergers occur between gas-rich galaxies (e.g. low M∗ spiral galaxies),
inflows of this gas and interstellar dust will fuel the growth of the galaxies’ SMBHs. During
this phase, any quasar activity arising from this accretion is obscured until it dominates the
energetics of the central region such that the feedback expels the same obscuring material, and
the black hole becomes visible at optical wavelengths as a bright quasar.
However, by heating and expelling the accreting matter, the quasar activity will eventually
cease (i.e. a dead quasar as shown in Fig. 1.9) and the galaxy relaxes to a normal state. This
process then repeats with each merger event (see also Sanders et al., 1988; Hopkins et al., 2008).
In comparison to the cold-mode AGN described above, the hot-mode AGN activity is likely to
be episodic in nature (e.g. Schawinski et al., 2007).
The starburst and buried quasar stage is relatively short compared to active SMBH activity
time spans (time scale of a few million years or ∼15-20% of the un-obscured active quasar
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Figure 1.9: Galaxy evolution model for cold-mode AGN. From hierarchical growth, galaxy
merger events can lead to feeding of the SMBH at the centre of galaxies by obscuring material,
to a point where the AGN ‘switches on’ - an obscured quasar (buried quasar stage). The
resulting radiation expels the obscuring material and leads to an optically visible galaxy, until
the galaxy is quenched and AGN feedback ceases. Image from Hopkins et al. (2006).
phase; Glikman et al., 2012), and hence galaxies within this stage of evolution are considerably
rare. This time scale, combined with obscuration in the optical regime, has resulted in a lack of
understanding of e.g. the AGN impact on the cold neutral gas within the interstellar medium of
the host galaxy, from which stars form, during this stage.
Obscured AGN have different names arising from separate selection criteria. These include
reddened quasars (which are reddened by obscuring dust in the optical and are among the most
luminous quasars; Glikman et al., 2012), rare Dust Obscured Galaxies (DOGs) and Hot-DOGs
which lie at high redshifts (z ∼2–3) and are believed to be possible progenitors of luminous
red galaxies (Bussmann et al., 2009), and a large subset of the ultra-luminous infrared galaxy
(ULIRG) population which are often late-stage and gas-rich merging galaxies. Here the far-
infrared luminosity is a proxy for finding the star-formation rate in the galaxy (Sanders et al.,
2009; Elbaz et al., 2011). These are not all the exact same object; for instance, Hot-DOGs have
extremely luminous AGN compared to typical reddened quasars, and are unusually mid-infrared
faint, while the ULIRG galaxy luminosity is believed to be dominated by star formation.
Obscuration in the optical regime requires us to consider other non-optical wavelengths
to investigate this population of dust obscured AGN. As described earlier, selection through
the infrared, for example through the mid-infrared colour information from WISE, and X-ray
wavebands overcome the dust bias plaguing optical surveys. In the radio regime, compact radio
sources in linear extent represent the young radio-loud AGN population. A lack of extended
radio emission attributed to radio jets corresponds to a recently switched-on radio core. This
compact radio emission suggests the AGN radiation has not yet expelled the obscuring material
surrounding it, as proposed in Hopkins et al. (2006) and Glikman et al. (2012). High-resolution
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Figure 1.10: Radio spectral energy distribution (SED) of radio galaxy PKS 1740-517. The
turnover, due to either synchrotron self-absorption (SSA) by relativistic electrons internal to the
emitting source, or free-free absorption (FFA) via an external ionised screen of dense plasma,
indicates this Gigahertz peaked spectrum (GPS) source is a compact radio AGN. This implies
the radio source is either young or recently re-triggered in activity. Image by Joseph Calling-
ham.
radio surveys are one way to select such sources. Very long baseline interferometry observations
(VLBI) are however required to achieve sufficient resolutions.
Another method to select compact AGN from the radio information alone is through consid-
eration of the radio spectral energy distribution (SED; Figure 1.10). Gigahertz peaked spectrum
(GPS) (≤ 1 kpc in size) and compact steep-spectrum (CSS) radio sources (∼1 - 10 kpc) are typ-
ically compact and hence believed to represent young or recently re-triggered AGN which are
a precursor to galaxies with extended radio emission (O’Dea, 1998). There are two competing
models for the source of the radio absorption attributed to compact and young AGN, although it
is possible both could be at play. Studies of the radio SED aim to distinguish between free-free
absorption (of the radio emission by an external screen of ionised plasma obscuring the AGN)
and synchrotron self-absorption (internal to the AGN itself) models (e.g. Tingay & de Kool,
2003; Marr et al., 2014; Callingham et al., 2015, and references within).
In tandem with selection of obscured AGN through the radio, mid-infrared and X-ray prop-
erties, alongside considering sources which are optically faint, we can attempt to study the neu-
tral interstellar gas in galaxies hosting young AGN. Knowledge of the quantity and kinematics
of the star-forming reservoir in galaxies with obscured AGN will inform our understanding of
the impact of the AGN activity on star formation, and hence galaxy evolution.
Different atomic transitions trace separate stages of the star-gas-star cycle. Commonly stud-
ied lines include Hα transition lines to trace ionisation nebulae, and Carbon-Oxygen (CO)
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Figure 1.11: Optical spectra of a damped Lyman-α absorber (DLA). Here hydrogen absorption
is visibly detected. These intervening galaxies can be a source of obscuration of the background
radio AGN. Image by Michael Murphy.
emission and absorption lines to detect the cold molecular gas. We can utilise the 21 cm ra-
dio transition of neutral atomic hydrogen gas as a tracer of the warm and cold neutral medium
regions in galaxies. This radio wavelength allows us to overcome the issue of dust obscuration
encountered in optical and UV wavelengths, e.g. in Lyman-α studies. Damped Lyman-α ab-
sorbers (DLAs) can also only be searched at redshifts above z > 1.7 by ground-based optical
telescopes, as the ultraviolet Lyman-α absorption line is only redshifted to visible wavelengths
at this point (Figure 1.11). This is not an issue for 21 cm absorption searches, and such searches
combined with Lyman-α absorption can inform us on the spin temperature of intervening DLA
systems (Ellison et al., 2012).
1.3 Tracing neutral gas with the HI 21 cm transition
1.3.1 HI history
In the 1930s, Karl Jansky documented three types of radio static detected during his work at the
Bell Telephone Laboratories. One type of static observed was a faint steady ‘hiss’ of unknown
origin (Jansky, 1933a). The signal was later found to be strongest in the direction of the centre
of the Galaxy - the first identification of an astronomical radio signal (Jansky, 1933b). Follow-
up work located the brightest regions of Galactic radio emission (Reber, 1940, 1944). Jan Oort
suggested that such emission came from gas and postulated the existence of a radio spectral
line. He reasoned it could map the whole Milky Way galaxy, and avoid dust extinction issues
that plagued optical observations.
The possibility of the 21 cm transition of atomic hydrogen was found by Oort’s student,
Henrik van de Hulst, in 1944, who correctly predicted the frequency (1,420 MHz) associated
with two closely spaced energy levels in hydrogen. The ground state of neutral hydrogen con-
sists of an electron bound to a proton, each with intrinsic magnetic dipole moments ascribed to
1.3. TRACING NEUTRAL GAS WITH THE HI 21 CM TRANSITION 17
Figure 1.12: The 21 cm spin-flip transition of neutral hydrogen. A shift to the parallel spin state
requires an absorption of energy, while changing to the anti-parallel spin state leads to en-
ergy emission. Image credit: Wikipedia (https://commons.wikimedia.org/wiki/
File:Hydrogen-SpinFlip.svg).
Figure 1.13: An example of detecting HI in absorption within the host galaxy of a radio-bright
AGN. An intervening galaxy with detectable HI will have a redshifted detection (i.e. to a higher
frequency). In absorption, the ability to detect HI primarily depends on the quantity of gas and
the brightness of the radio source. Image credit: Vanessa Moss.
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Figure 1.14: Snapshots of simulations on the effect of radio jets, produced by a young AGN, on
the warm neutral medium in the host galaxy (Wagner et al., 2012). As the radio jets ‘punches
through’ they create dense pockets of gas, which can accelerate star formation processes. By
tracing this content through HI absorption surveys, we can investigate the quantity and kine-
matics of the star forming fuel during this stage of galaxy evolution.
their spin. A spin-flip transition results in either 21 cm emission (transition to the anti-parallel
state) or absorption (transition to parallel state; Figure 1.12). Such an event has an extremely
small transition rate of 2.9 × 10−15 s−1 - a mean lifetime of the excited state of around 10
million years. However, the transition is detectable in galaxies due to the sheer abundance of
hydrogen in the universe. The line was first confirmed and detected within our Milky Way
Galaxy by Ewen & Purcell (1951) and Muller & Oort (1951), and soon after in the Magellanic
Clouds by Kerr et al. (1954).
The transition is a useful tool in emission to study the diffuse neutral gas in galaxies (see
Giovanelli & Haynes, 2016, and references therein). However, due to flux limitations, it is cur-
rently difficult to detect HI in emission beyond redshifts of z > 0.2 (e.g. Verheijen et al., 2007;
Catinella et al., 2008; Freudling et al., 2011); the current record through stacking techniques
(combining multiple spectra from radio observations) is z ∼ 0.37 (Rhee et al., 2016).
However, there is no such low redshift limit for detecting the transition in absorption, as
the line strength only depends on the brightness of the background source (and provided there
is such a source), and the spin temperature and column density of HI along the line of sight
(see Figure 1.13). Therefore, HI absorption can be used to study gas near to the radio AGN,
regardless of the redshift of the radio source and gas (e.g. Morganti et al., 2005). Absorption
from HI gas located in front of an AGN is a good tracer for the kinematics of the cold neutral
medium, and hence HI associated absorption surveys allow us to investigate how AGN feedback
directly interacts with the cold neutral medium in the host galaxy of compact radio sources (e.g.
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Table 1.1: Examples of HI emission and associated absorption surveys conducted thus far,
with a focus on HI absorption surveys. Of the absorption surveys listed here, at least 25% of
the sample size includes targeted compact radio sources (ergo potentially young or retriggered
radio AGN) or obscured/reddened quasars (Carilli et al., 1998). While large numbers of de-
tections have been made in HI emission surveys, such studies are limited in redshift compared
to HI absorption surveys. Glowacki et al. (2017a) is presented in Chapter 3, and Glowacki et
al, submitted is presented in Chapter 5. When available, the survey name is included for the
emission-line entries.
Ref. Telescope z range Nobs Ndet Targets
Emission
Meyer et al. 2004 Parkes 0.000–0.040 – 4,315 HIPASS - blind survey
Verheijen et al. 2007 WSRT 0.170–0.225 – 42 Two galaxy clusters
Walter et al. 2008 VLA 0.000–0.004 – 34 THINGS - nearby galaxies
Heald et al. 2011 WSRT 0.000–0.006 – 24 HALOGAS - ongoing
Haynes et al. 2011 Arecibo 0.000–0.060 – ∼30,000 ALFALFA - blind survey
Hunter et al. 2012 VLA 0.000–0.003 – 41 LITTLE THINGS - dwarf galaxies
Ferna´ndez et al. 2013 VLA 0.000–0.450 – 300+ CHILES - ongoing
Absorption
van Gorkom et al. 1989 VLA 0.004–0.128 29 4 Compact cores of E/S0 galaxies
Carilli et al. 1998 WSRT 0.585–0.740 5 4 Optically faint quasars
Gallimore et al. 1999 VLA 0.000–0.077 13 9 Seyferts
Morganti et al. 2001 VLA/ATCA 0.011–0.220 23 5 Galaxies selected at 2.7 GHz
Vermeulen et al. 2003 WSRT 0.198–0.842 57 19 Compact sources
Orienti et al. 2006 WSRT 0.021–0.668 6 2 High-frequency peaked galaxies
Gupta et al. 2006 Arecibo/GMRT 0.016–1.311 27 6 GPS and CSS sources
Srianand et al. 2008 GMRT 1.100–1.450 38 2 Mg II systems
Emonts et al. 2010 VLA/WSRT 0.002–0.044 23 6 Low luminosity, compact, FR-I
Chandola et al. 2011 GMRT 0.024–0.152 18 7 GPS and CSS sources (CORALZ)
Curran et al. 2013 GMRT 1.192–1.503 10 1 UV-faint, compact sources
Gere´b et al. 2015 WSRT 0.022–0.228 101 32 Flux-selected sources
Yan et al. 2016 Various 0.200–1.000 27 6 Late-type sources
Glowacki et al. 2017a ATCA 0.040–0.096 67 7 AT20G sources at 20 GHz
Moss et al. 2017 ASKAP 0.400–1.000 5 1 X-ray absorbed AGN
Maccagni et al. 2017 WSRT 0.020–0.250 248 66 Flux-selected sources
Glowacki et al., submitted ASKAP 0.400–1.000 34 3 Obscured quasars
Figure 1.14; Wagner et al., 2012). A list of example HI emission and absorption surveys, the
latter focusing mostly on samples of compact or obscured radio galaxies is given in Table 1.1.
While HI absorption can be used to trace cold accretion of AGN, this requires very deep surveys
to trace the relatively low column densities of∼ 1017 cm−2 (van de Voort et al., 2012). Typically,
column densities of ∼ 1020 cm−2 or greater are observed in all-sky or shallower, targeted HI
absorption surveys.
1.3.2 Roadblocks for HI absorption studies
There are two main shortcomings of HI absorption surveys. One is the issue of radio frequency
interference (RFI). This is a signal in the observed frequency band generated by an external
source to the astronomical object being studied, primarily created by man-made devices (mobile
phones, aviation radar, radios, wireless devices, satellites, etc.), but also through other means
(e.g. thunderstorms, solar interference). While the 21 cm HI line is protected by international
law at 1,420 MHz, the transition is shifted to lower frequencies with increasing redshift and
hence falls out of this protected region in frequency space. Figure 1.15 shows an example
of a 300 MHz spectrum produced through the Greenbank Radio Telescope. Large chunks of
the spectrum are afflicted with RFI (the sharp/wide spikes), preventing the detection of any HI
absorption features within these sections of frequency space.
RFI therefore contributes to a lack of clean and wide bandwidth. Many HI absorption sur-
veys carried out with radio telescopes have been limited in the frequency ranges that can be
probed, and hence limited in redshift space that can be searched for HI absorption, both inter-
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Figure 1.15: An RFI-afflicted 300 MHz spectrum taken from the Greenbank Telescope. The
sharp peaks are caused by external communications (e.g. mobile phones and communication
towers). Compare with the ASKAP spectrum taken in a radio-quiet environment (Figure 1.18).
Image from the NRAO website (https://science.nrao.edu/facilities/gbt/
interference-protection/ipg/rfi-scans).
vening or associated with the host galaxy of the AGN. This affects the ability to understand
the evolution of the cold neutral gas with redshift, both through HI transition studies and others
(e.g. the hydroxyl (OH) transitions at ∼1.7 GHz).
Upcoming HI absorption surveys on new telescopes are set to overcome these issues. The
Square Kilometre Array (SKA) is a radio telescope to be constructed in Australia and South
Africa with a very large number of antenna, in the hundreds of thousands. In the lead-up to this
project, pathfinder telescopes have been constructed and are currently in the “early-science”
commissioning stage. These include the South African MeerKAT telescope (Booth & Jonas,
2012) and the Westerbork APERture Tile in Focus (APERTIF; Oosterloo et al., 2009). These
telescopes will carry out the MeerKAT Absorption Line Survey (MALS; Gupta et al., 2017) and
the Search for HI absorption with APERTIF (SHARP; Morganti et al.) respectively, alongside
other science survey projects. Cooperating with these pathfinder telescopes is the Australian
SKA Pathfinder (ASKAP; Deboer et al., 2009; Johnston et al., 2009; Schinckel et al., 2012),
where the First Large Absorption Survey in HI (FLASH) project is one of ten science surveys
for the instrument1.
1.4 The Australian Square Kilometre Array Pathfinder
1.4.1 Important specifications
The ASKAP telescope (Deboer et al., 2009; Johnston et al., 2009; Schinckel et al., 2012) is
located at the Murchison Radio-astronomy Observatory (MRO), a radio-quiet site. Owing to
the size of the Shire of Murchison region encasing the MRO (about 50,000 km2, larger than
the area of the Netherlands) and sparse population density (population of around 140), it is an
already radio-quiet region. Furthermore, enforcement of the Australia Radio Quiet Zone (WA),
enacted through federal legislation, extends to 150 km of the core of the MRO site (Figure 1.16).
1http://www.physics.usyd.edu.au/sifa/flash/wiki/uploads/Main/flash_
public.pdf
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Figure 1.16: The FLASH project benefits immensely from the radio-quiet MRO site, as the
frequency band used (700–1000 MHz) is uncorrupted by external radio communications. This
is made possible by the sparse population density of the Shire of Murchison region and federal
legislation. Image credit: CSIRO.
Ionospheric stability and benign tropospheric conditions further adds to the viability of radio
astronomy surveys.
ASKAP (Figure 1.17) has an instantaneous bandwidth of 300 MHz tuneable in the range
of 700–1800 MHz. Figure 1.18 showcases the improvement for radio spectra achieved through
these two advantages for radio galaxy PKS 1829-718 (compare with Figure 1.15 which has
the same bandwidth and similar frequency range), for which HI absorption was detected with
ASKAP during the commissioning stage (see Chapter 5).
There are numerous other advantages in using ASKAP compared to other telescopes. One
is that movement of each antenna dish across three axes further improves the ability to track
sources. The wide field-of-view of 30 square degrees at 1.4 GHz, possible once ASKAP reaches
full capability with its 36 antenna array (each 12 m in diameter) is of major benefit. This
field-of-view greatly improves on the survey speed capability compared to other telescopes; the
Greenbank Telescope, Giant Metrewave Radio Telescope (GMRT) and Allen Telescope Array
(ATA) have equivalent field-of-views of 0.023, 0.26 and 6.86 deg2.
This field-of-view is enabled by using phased array feeds (PAFs) rather than traditional ‘sin-
gle pixel feeds’. Each PAF is made up of 188 individual receivers arranged in a chequerboard-
like layout. Through ASKAP’s digital systems, each PAF creates 36 separate and simultaneous
beams, enabling the wide field-of-view. These beams can be steered electronically by changing
the relative delays and phases of the independent elements.
1.4.2 First Large Absorption Survey in HI
The First Large Absorption Survey in HI (FLASH) is one of ten survey science projects with
ASKAP. ASKAP’s large spectral bandwidth and wide field of view offers completely new pa-
rameter space for large, blind HI absorption-line surveys. The FLASH survey probes the red-
shift range of 0.4 < z < 1.0, where the HI transition in emission is too weak to be detectable
in individual galaxies. This parameter space also covers that currently inaccessible to ground-
based Lyman-α surveys.
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Figure 1.17: Three of the 36 ASKAP antennas, fitted with the Mk. I generation phased array
feeds (PAFs). The chequerboard pattern of 188 dipoles allows for electronic beam formation
and enables the 30-square degree field of view that the full ASKAP telescope will command.
Image credit: CSIRO.
FLASH will span the entire southern sky. Over 150,000 sightlines to bright continuum
sources will be targeted, an increase of over two orders in magnitude over all previous HI
absorption-line surveys, both blind and targeted, with radio telescopes (probed < 1,000 sight-
lines with < 200 HI absorption detections; see Table 1.1). Through this greatly increased per-
formance, FLASH will be able to test current galaxy and mass assembly models in this redshift
range, using the observed and predicted distributions of quantities like HI optical depth, spin
temperature and line width (Allison et al., 2016).
1.4.3 Early science commissioning
ASKAP is currently within the early-science commissioning stage, with 12 fully fitted PAFs
installed (ASKAP-12). Ramp-up to full ASKAP with all 36 PAFs fitted and employed is ex-
pected to be completed in the second half of 2018, allowing for higher sensitivity to the radio
background. During 2014 to 2016, ASKAP had an operational prototype array - the Boolardy
Engineering Test Array (BETA; Hotan et al., 2014). However, the prototype array only had six
antennas fitted with Mk. I prototype PAFs. These PAFs were deemed to have a higher system
temperature than the design and have been demonstrated to perform worse than second genera-
tion Mk. II PAFs currently in use by ASKAP-12 and to be employed in the full ASKAP array
(Chippendale et al., 2015). Therefore, ASKAP-BETA had a lower sensitivity than ASKAP-12,
as well as other existing telescopes (e.g. the six antenna ATCA with 22 m dishes, compared to
ASKAP’s 12 m antennas).
As one of the major science projects for the telescope, the FLASH team had two major
considerations in preparation for the full survey:
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Figure 1.18: An example 300 MHz spectrum of PKS 1829-718 taken with the six-antenna
ASKAP test array during early science commissioning. The radio-quiet site ASKAP occupies
ensures RFI-clean observing conditions in the FLASH bandwidth (700–1000 MHz), and hence
allows us to search for HI absorption within the redshift space of 0.4< z < 1. The only anomaly
in the spectrum, around 990 MHz, is due to correlator block failures during ASKAP-BETA ob-
servations, and hence identification of the HI absorption feature at z ∼ 0.535 is straightforward.
This spectrum is discussed in Chapter 5.
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• Development of a data reduction pipeline. While data taken with the full ASKAP array
would be reduced and turned into verified data products by the ASKAP Commission-
ing Early Science (ACES) team through a new software package (ASKAPSoft)2, this
software remains under development. Data taken with ASKAP-BETA would need to be
reduced separately through existing software and techniques. Furthermore, to aid the
development of ASKAPSoft, comparison to existing methods of data reduction is vital.
Therefore, a data reduction pipeline through the software package MIRIAD was devel-
oped and tested on HI absorption commissioning (see Chapter 5).
• Development of a spectral line finder. There is a need to both examine spectra produced
from the data reduction pipeline and detect HI absorption features, and to model these
features to determine the quantity and kinematics of the HI gas to best understand the
impact of the radio AGN on the cold neutral medium from which stars can form. Such
a program has been developed (Allison et al., 2012b) and used in HI absorption surveys
(Allison et al., 2012a, and Chapter 3 and 5).
To test these two aspects during early science commissioning, observations need to be con-
ducted towards both radio sources with known HI absorption systems, and those likely to be
found to have HI, through ASKAP. We decided to conduct targeted HI absorption surveys dur-
ing ASKAP-BETA early commissioning (e.g. Moss et al., 2017, Chapter 5). Hence there is a
need to develop new software and techniques to best take advantage of the availability of the
ASKAP-BETA telescope, and aid these commissioning surveys.
1.4.3.1 Target selection
The optimal targets for such surveys in the commissioning stage with ASKAP-BETA are those
with a higher chance for HI to be detected. An example of a radio AGN sample that would
satisfy this goal is the obscured AGN population. In a previous HI absorption survey (Carilli
et al., 1998), a detection rate of 80% was found against reddened quasars, selected by their
optical faintness. It concluded that the reddening of galaxies in the sample was due to gas and
dust in either the host galaxy or in an intervening galaxy along the line of sight. Therefore,
choosing galaxies that are obscured can lead to a higher probability of detecting HI gas in
absorption. This survey was deep (optical depths of 1% reached) yet small (sample size of 5).
We selected a larger sample of 38 obscured quasars as one of the ASKAP-BETA early science
commissioning samples for a HI absorption search. In this study we considered mid-infrared
colour information to select dusty, and hence potentially obscured, AGN. This has not yet been
fully explored in larger studies following Carilli et al. (1998) owing to the aforementioned issues
of HI absorption surveys with RFI and limited bandwidth.
Furthermore, it has been suggested that intrinsically compact sources - primarily, GPS
(≤ 1 kpc in size) and CSS (∼1 – 10 kpc) - radio sources have higher detection rates of HI
than extended sources (e.g. with detection rates of∼20 – 40% in Vermeulen et al., 2003; Gupta
et al., 2006; Chandola et al., 2011). Such galaxies potentially represent young or recently re-
triggered AGN, and hence could also contain a population of obscured AGN, or those in a stage
of evolution shortly following this stage (Figure 1.9). Extended radio sources (e.g. radio jets)
may also show less absorption due to a lower covering factor and the lobe breakout from the
host galaxy.
There are further considerations in target selection. For a HI spectral survey, while in ab-
sorption you are not limited by the redshift of the neutral star-forming gas as in emission, one
is restricted by the brightness of the background radio source searched toward along the line of
2http://doi.org/10.4225/08/583f6d4477f1f
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sight. The brighter the background source, the less integration time required to reach a suffi-
cient sensitivity in the survey to detect the presence of HI gas. Therefore, selecting radio bright
quasars within the frequency range for ASKAP is necessary, especially in the early commis-
sioning stage with the ASKAP-BETA prototype.
Another concern is the redshift of the radio AGN. Detecting HI associated absorption through
FLASH is only possible if the radio AGN has a redshift that corresponds to the bandwidth used
for this project (700–1000 MHz, i.e. redshift range of 0.4 < z < 1). Furthermore, if HI ab-
sorption is detected, the redshift of the radio AGN must be known to determine if the HI gas is
associated (in the host galaxy) or intervening (galaxy along the line of sight) to properly inter-
pret the cold gas evolution with redshift, and determine if the AGN is impacting on the cold gas
reservoir. Optical spectroscopic surveys are frequently used to obtain reliable redshift measure-
ments. However, the absence of deep optical surveys in the southern sky means we lack such
information for optically obscured quasars. Redshift estimation from photometric data can be
very helpful - not just for target selection during early science commissioning, but for analysis
of the full FLASH survey.
1.5 Thesis outline
With the introduction of ASKAP, alongside other radio survey projects, we aim to properly con-
sider the effect of the AGN on the star-forming reservoir during the transition stage. However,
further work had to be done to aid the preparation of the FLASH survey. In this thesis, we
produce a set of tools, to aid both target selection during the ASKAP-BETA stage, and make
estimates of redshift for radio sources and hence improve analysis of HI detections (alongside
benefits to other radio surveys). In addition, we also conduct HI absorption surveys towards
a sample of obscured quasars with the prototype ASKAP-BETA telescope, and another to a
low-redshift sample of compact radio galaxies.
The thesis is outlined as follows. In Chapter 2, we present the work in creating a live and
publicly accessible website that allows users to query a database comprised of radio catalogues,
images and access to external services providing additional information on these radio sources.
The aim of this website was to aid the target selection process for early science commissioning
surveys by the FLASH team with the prototype telescope array ASKAP-BETA.
In Chapter 3, we present findings of a HI absorption survey towards nearby compact, and
hence young, radio galaxies. This low-redshift sample (z < 0.1) complements the obscured
AGN population studied with ASKAP. It includes analysis made possible through multi-wavelength
catalogues (optical, X-ray and mid-infrared) that can be extended to the full FLASH survey. A
spectral line finder program developed for the FLASH survey (Allison et al., 2012a) is used in
the analysis here.
In Chapter 4, a redshift estimation tool, including a publicly available code, is produced.
This method used WISE photometric information for radio sources and is used to make predic-
tions for high-redshift candidate radio AGN and the FLASH survey. Finally, in Chapter 5, we
present the results of an early commissioning HI absorption survey towards obscured quasars.
This work serves as part of preliminary work in the lead-up to the full ASKAP-FLASH sur-
vey. The redshift estimation tool is also used to determine the likelihood of HI detections to be
associated with the host galaxy of the AGN.
We summarise the main conclusions and findings in the Conclusions, highlighting areas for
future work and development during the remainder of early commissioning with ASKAP, and
in the following full FLASH survey.

CHAPTER
2
A target selection tool for FLASH
In this chapter, we present the work done in creating a live and publicly accessible website that
allows users to query a database comprised of radio catalogues, images and access to external
services providing additional information on these radio sources. The aim of this website was
to aid the target selection process for early science commissioning surveys by the FLASH team
with the engineering array ASKAP-BETA. One of these early commissioning HI absorption
samples selected through use of this website was towards a sample of obscured AGN which is
presented in Chapter 5.
2.1 Motivation
The focus of the FLASH survey is to detect HI absorption systems within the largely unexplored
redshift range of 0.4 < z < 1, made available through the radio-quiet zone ASKAP occupies.
During the early science commissioning work with the prototype ASKAP-BETA six antenna
telescope (Hotan et al., 2014), we did the following:
• Tested the capability of the six-antenna array to conduct observations in an RFI-clean
environment and successfully take spectra for radio sources observed within the full field
of view,
• Developed data reduction pipelines for observations taken during this stage, both for anal-
ysis and to aid development of ASKAPSoft, the software to be used for surveys under-
taken by the full ASKAP telescope,
• Software and techniques for analysis of observations taken both during early science com-
missioning and the full ASKAP surveys.
To test and improve these aspects, we decided to conduct targeted HI absorption studies
with ASKAP-BETA. Selecting galaxies with AGN that would be ideal to search toward for
cold neutral gas - that is, those with high flux density, and hence more likely to be detected in
HI absorption studies, requires searching through existing radio catalogues. Multiple catalogues
must be considered, and yet they each have their own differences (e.g. positional accuracies,
sky coverage, etc.).
To aid the necessary target selection processes for HI absorption observations with ASKAP-
BETA and hence contribute towards the development of ASKAP, FLASH and other surveys, we
created a website that could be used by members of the FLASH team and others. This website
hosts a series of cross-matched radio catalogues offering a range of information, both useful and
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necessary, to consider with target selection. Furthermore, this website offers useful information
on objects of interest that will be found in future FLASH surveys, ensuring its continued use
and relevance beyond the commissioning stage.
2.1.1 Required content
There are various attributes of radio sources we considered in target selection. They are as
follows:
2.1.1.1 Radio Flux density
As explained in Chapter 1, the flux density at the observed bandwidth for FLASH is important
for HI absorption surveys. While in absorption one is not limited by the redshift of the neutral
hydrogen gas, the brightness of the background radio source searched toward along the line of
sight is a factor. The brighter the background source, the less integration time required to reach
a sufficient sensitivity in the survey to detect the presence of HI gas.
For ASKAP-BETA HI absorption surveys, we decided that a minimum flux density of 1 Jy
at or near the observing frequencies of FLASH (700 – 1000 MHz) would be enforced to en-
sure a low optical depth sensitivity (∼5%) could be achieved in short observation times (1-2
hours minimum). Observing time with the prototype array was limited due to other survey,
commissioning and construction work.
2.1.1.2 Compact radio sources
Higher HI absorption detection rates have been made toward compact radio galaxies compared
to extended radio sources (e.g. Vermeulen et al., 2003; Gupta et al., 2006; Chandola et al.,
2011; Gere´b et al., 2015; Maccagni et al., 2017, see also Chapter 1). We decided therefore that
selection of compact radio galaxies would increase the chance of HI absorption detections in
surveys with ASKAP-BETA. Compact radio galaxies are thought to represent the youngest or
most recently triggered active galactic nuclei (AGN; Fanti et al., 1995; Readhead et al., 1996;
Owsianik & Conway, 1998). By detecting HI absorption towards these AGN, we can better
understand the kinematics of the neutral star-forming material and the impact of the AGN on star
formation during this crucial stage in galaxy evolution. This is explored further in Chapters 3
and 5.
Radio imaging of potential sources is therefore necessary to identify compact radio sources.
Furthermore, the spectral energy distribution (SED), particularly the radio regime of the SED,
can be used to select compact, and hence young, radio galaxies.
2.1.1.3 Multi-wavelength information
The radio regime only tells us part of the story behind each galaxy (Chapter 1). For example,
optical spectroscopy allows us to determine the redshift of the source galaxy, and informs on
both the stellar and gas kinematics, and galaxy metallicity. The redshift information is essential
given our decision to investigate the redshift range of 0.4 < z < 1. Furthermore, any radio
galaxy at a redshift z > 1 can only be searched for intervening absorption, rather than associated,
within this redshift range.
As discussed in Chapter 3, X-ray information can provide us information on obscuration
of the AGN - that is, if there are high levels of dust and gas to probe through HI absorption.
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Moss et al. (2017) studied the HI absorption properties of such a sample observed with ASKAP-
BETA. Mid-infrared information, e.g. the colour information from WISE, can meanwhile in-
form us on the morphology of the host galaxy, and give an indication to dust obscuration of the
radio source. In Chapter 4 a new technique is presented that uses the mid-infrared information
to predict the redshift of radio galaxies lacking in optical spectroscopic information.
2.1.1.4 Other radio sources in the field
Given the wide field-of-view of ASKAP, it is necessary to examine the continuum and spec-
tral properties of other sources within both the central beam of ASKAP, and within the other
35 electronic beams formed by the PAFs. Nearby bright radio sources can be simultaneously
searched towards for HI absorption. This, in particular, is an essential component of the full
FLASH survey and the survey speed of ASKAP in taking advantage of the wide field of view
(30 square degrees).
2.2 Composite radio catalogues
2.2.1 Core catalogues
The 1.4 GHz NRAO VLA Sky Survey (NVSS) and the 843 MHz Sydney University Molonglo
Sky Survey (SUMSS) catalogues, as described in Chapter 1, form the starting point of the
database. The resolution and sensitivities of these two surveys agree well with each other, and
by combining them a full sky coverage is achieved. Given this, and that these surveys are within
the full bandwidth range of ASKAP (700 – 1400 MHz), this is ideal to use as the base of the
database for target selection. The most valuable information from these catalogues is their radio
positions and flux densities with their associated error, as well as their continuum images.
There are some caveats in using these two surveys:
• The SUMSS catalogue has significantly less sources than NVSS even accounting for the
lower sky coverage, due to the higher flux density limits of the survey. However, for
the FLASH surveys (during commissioning and full FLASH) this is not an issue, as we
would be targeting galaxies with a minimum flux density of 1 Jy in commissioning and
down to ∼20–50 mJy in full FLASH; aka the brightest radio objects in the sky.
• The spatial resolution in these surveys is relatively limited. Both surveys only have a
beam FWHM of 45 arcseconds. This restricts the ability to select truly compact sources,
which is reliant on observations from higher resolution telescopes (e.g. through Very
Long Baseline Interferometry; VLBI). This can also confuse cross-matches between the
two surveys (e.g. double-lobed sources). Care and further study must be taken when
considering specific candidate sources with the selection criteria.
• The Galactic plane is not fully covered by these two catalogues alone, due to the lack
of Galactic plane coverage in SUMSS (see Figure 2.1) and the lower declination limit of
NVSS (-40◦). This is rectified by the inclusion of the Molonglo Galactic Plane Survey
catalogue (MGPS-2; Murphy et al., 2007).
• While the total sky coverage is comprehensive, overlap between the two surveys is lim-
ited to 10◦ in declination (between -30◦ and -40◦). This means there is less information
available for sources outside this range from these two surveys, such as spectral index in-
formation (see top panel of Figure 2.4). However, this is not a major concern, especially
as these two surveys serve as the base for the database.
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Table 2.1: Summary of surveys cross-matched and included within the database used for
ASKAP-BETA early commissioning target selection.
Survey Frequency (GHz) Sources Importance
NVSS 1.4 1,800,000+ All-sky coverage north of -40◦ declination
SUMSS 0.843 200,000+ All-sky coverage south of -30◦ declination
AT20G 4.8,8.4,20 5,890 Spectral energy distribution information
MGPS-2 0.843 48,850 Galactic plane coverage
ATCA Calibrator 1.1–9.5 (intermittent) 1,102 Comprehensive flux density, spectral index, imaging
Kuhr et al. 1981 5 518 Flux density, spectral indices and redshift information
Wall & Peacock 1985 2.7 233 Flux density, spectral indices and redshift information
Flat spectrum candidates 0.3-20 (intermittent) 4,018 Potentially young radio galaxies - spectral indices and SED fits
(Private communication with Callingham)
2.2.2 Additional catalogues
We added catalogues listed in Table 2.1 to the database to complement information from NVSS
and SUMSS and offer additional information useful for specific targeted surveys with ASKAP-
BETA. Most sources within this sample were already within the NVSS and SUMSS catalogues.
However, they offer redshifts, radio classifications and further spectral energy distribution infor-
mation not supplied by these two catalogues. In addition to those listed below, the Australian
Telescope 20 GHz survey (AT20G) was incorporated (Chapter 1). AT20G offers spectral in-
formation at higher bands, and hence aids analysis of the radio spectral energy distribution.
Selecting compact candidates is possible for GPS sources selected from the 20 GHz frequency
band (see Chapter 3 and Allison et al., 2012a). The AT20G coverage of the entire southern sky
is also ideal for sources studied with ASKAP. In addition, many sources within the AT20G cat-
alogue were studied through optical telescopes by Mahony et al. (2011) and hence have optical
spectroscopic data available, including redshift information.
2.2.2.1 MGPS-2 Catalogue
The second epoch Molonglo Galactic Plane Survey catalogue (MGPS-2; Murphy et al.,
2007) is comprised of 48,850 radio point sources within 10◦ of the Galactic plane, and south of
-30◦ in declination. Conducted at 843 MHz, this survey is effectively the Galactic counterpart
to SUMSS, and completes the sky coverage of NVSS and SUMSS, the latter which does not
include the Galactic plane. This makes it a necessary inclusion to the database.
2.2.2.2 ATCA Calibrator Catalogue
The ATCA Calibrator Catalogue is comprised of 1,102 bright and compact sources used as
calibrator sources for observations by the ATCA. These are well studied radio sources across
multiple radio wavelength bands and epochs, including spectral information. This in turn pro-
vides information on the variability of the source since the last decade, its SED and spectral
indices, and structural information. It also includes links to other resources, such as the Very
Large Array (VLA) Calibrator list1. This wealth of information is ideal to study for potential
target sources.
2.2.2.3 Kuhr et al. (1981) catalogue
The study by Ku¨hr et al. (1981) gives a catalogue of 518 extragalactic radio sources with
flux densities of 1 Jy or brighter at 5 GHz. Radio spectra, spectral indices and basic optical
information is included for the majority of the sources, and redshift information for slightly
1https://science.nrao.edu/facilities/vla/observing/callist
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over half. This catalogue, combined with further optical follow-up work by Stickel et al. (1996),
was used to identify obscured radio galaxies to search toward for HI absorption by Carilli et al.
(1998), and for target selection of such a sample for ASKAP early science commissioning by
the FLASH team (Chapter 5).
2.2.2.4 Wall & Peacock 2 Jy sample
The 2 Jy study by Wall & Peacock (1985) gives 233 radio sources brighter than 2 Jy at
2.7 GHz. Information on these sources includes classification as a radio galaxy or quasar,
redshifts (for 73% of the sample) and the spectral index, all complementary information to that
available in SUMSS and NVSS.
Additionally, the 2 Jy sample of southern radio galaxies2 is a sub-sample of 88 sources
(Morganti et al., 1999; Inskip et al., 2010). It includes data from the VLA and ATCA telescopes
at 5 GHz, optical spectroscopic data giving a measure of the flux and colour of the optical
continuum, and X-ray data from ROSAT, providing further information on the AGN of these
galaxies.
2.2.2.5 Flat spectrum candidates sample
We included a sample of bright radio sources with flat spectral indices from the PhD thesis of
Joseph Callingham. Cores of active radio galaxies with a flat spectral index, surrounded two
steep-spectrum lobes, are believed to be candidates for compact radio galaxies, and precursors
to powerful radio galaxies with large scale radio lobes (e.g. Stanghellini et al., 1997; Orienti
et al., 2006). This sample is made up of NVSS sources with a cross-match with at least two
other radio surveys (e.g. SUMSS, AT20G) to generate a spectral energy distribution, and found
to have an absolute spectral index |α| < 0.5, defined by
S ∝ να (2.1)
where S is the flux density and ν the frequency.
Coupled with this sample are PDF files of the sources’ SEDs with a simple power-law fit,
and a visual classification of the spectral index.
2.2.3 Sample properties
2.2.3.1 Sky coverage
Figure 2.1 gives the complete sky coverage of all catalogues and samples used in the creation
of the database. The orange band filled by the MGPS-2 survey (Murphy et al., 2007) was not
covered by the SUMSS survey. The additional catalogues were selected to either add cover-
age to the southern sky (MGPS-2), or supply further information for sources within NVSS,
SUMSS and AT20G. We selected these additional catalogues so that each included coverage in
the southern hemisphere to best match the sky coverage of ASKAP.
2.2.3.2 Redshift distribution
Radio sources in NVSS and SUMSS require multi-wavelength studies to supply necessary red-
shift information (e.g. to distinguish whether detected HI absorption systems are intervening or
associated with the radio AGN). Condon (1984) estimated that most radio sources are expected
2http://2jy.extragalactic.info/The_2Jy_Sample.html
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Figure 2.2: The redshift distributions of the catalogues compiled by Ku¨hr et al. (1981) (left) and
Wall & Peacock (1985) (right). 40% of sources within Ku¨hr et al. (1981) were without redshift
information. Most of the measured redshifts lie at lower redshifts below that observable by
FLASH (z < 0.4), particularly those in the Ku¨hr et al. (1981) sample.
NVSS and SUMSS spectral indices NVSS and SUMSS spectral indices
1 Jy/2 Jy catalogues spectral indices Compact candidates spectral indices
Figure 2.3: Spectral index distributions for the NVSS and SUMSS surveys between 843 and
1400 MHz (separated into bright and faint sources as done in Mauch et al. (2003); top panels),
the samples of Ku¨hr et al. (1981); Wall & Peacock (1985) between 2700 and 5000 MHz (bottom-
left panel), and the compact candidate sources sample at a broad range of frequency ranges
(bottom right panel). Most of these radio sources have a negative spectral index; that is, sources
with higher flux densities measured at lower frequencies.
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to lie at high redshifts, with an average value of z ∼ 0.8. However, owing to a lack of deep
all-sky optical surveys, we typically only know redshifts for more local Universe galaxies. For
example, due to its low sensitivity, the Sloan Digital Sky Survey (SDSS; York et al., 2000) is
biased against optically faint quasars, and so we lack in redshift information of e.g. obscured
quasars. Work has since developed on estimating the redshift of radio galaxies, particularly
those without optical information (e.g. Yan et al., 2016; Truebenbach & Darling, 2017).
We examined what redshift information was available for the Ku¨hr et al. (1981) and Wall
& Peacock (1985) surveys, which were included in our database. Figure 2.2 gives the known
redshift distribution for these sources. We note that 40% of the sources in Ku¨hr et al. (1981)
are without redshift information. A peak is seen at low redshifts, particularly for the Ku¨hr et al.
(1981) study, with decreasing spectroscopic measurements available with increasing redshift.
Between these two surveys there are∼200 galaxies with known redshifts within the FLASH
redshift range of 0.4 < z < 1, which can be probed for associated HI absorption in our study.
Radio sources at higher redshift can be searched for intervening absorption along the line of
sight, which formed a separate sample for ASKAP-BETA Flash observations (Sadler et al., in
prep). While these catalogues were useful resources in redshift information for this work, their
small quantity relative to the SUMSS and NVSS samples and incomplete redshift coverage
highlights the need for further redshift information for future radio surveys. This served as the
motivation in developing a photometric redshift estimation method presented in Chapter 4.
The NASA/IPAC Extragalactic Database (NED)3 offers further multi-wavelength data for
extragalactic objects throughout the electromagnetic spectrum, including redshift measurements
and estimate from other surveys. While this database and its information cannot be easily
incorporated into the database, a link to the NED page for each object using the radio position
information for every source is provided (see Section 2.3.2.3).
2.2.3.3 Compact versus extended sources
The NVSS and SUMSS surveys had angular resolution limits of ∼45 arcseconds; effectively
meaning that all compact candidate sources on this information alone have 45 arcsecond beam
sizes for their major axis. Ultimately, these can only be used as an indication to the true angular
size of these radio galaxies, and a need for high resolution follow-up (e.g. VLBI measurements)
would be necessary to consider. Additional information from e.g. AT20G can also hint at
compact sources which peak in the Gigahertz regime of radio SEDs.
2.2.3.4 Spectral indices
Figure 2.3 gives the spectral index for the common sources between NVSS and SUMSS, as
well as the measured values in Ku¨hr et al. (1981); Wall & Peacock (1985) and the compact
candidates catalogue (true to the definition of S ∝ να). As visible from the distributions, most
sources have a negative spectral index, i.e. higher flux densities observed at lower frequencies,
and as expected this attribute is seen across all samples despite the varying frequency ranges
used for the spectral index.
We considered other catalogues to be included in the databases. These include the Parkes-
MIT-NRAO (PMN) survey Griffith & Wright (1993), which offered flux density measurements
at 4.85 GHz, and the Australian Telescope PMN (ATPMN) survey (McConnell et al., 2012),
which contains flux density measurements at 5 and 8 GHz for a subset of the PMN survey. These
would provide further information toward the radio SED. These have not yet been added, but
are part of plans to further upgrade and improve upon the website and database. Furthermore,
3https://ned.ipac.caltech.edu
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these surveys were accessible through NED, and incorporation of their flux density data into
radio SED fits was created separately (Section 5.2.2).
2.3 Website features and tools
The basic structure of the website is shown in Figure 2.4. The website features HTML pages
styled through CSS files, a SQLite database and Python scripts which incorporate CGI and SQL
to pass data requests and retrieve information from the database.
The index web page gives an overview of the website and offers standard database queries
and links to the user. These queries are sent by the user via CGI (Common Gateway Interface)
scripts. These programs run on a web server, and are a standard method to pass information
between a web browser and server. The requests are directed to Python scripts, which interpret
the CGI input and prepare a SQL (Structured Query Language) script to query the database.
This SQL script retrieves the requested data, and the Python script outputs the results in HTML
or CSV (Comma Separated Value) formats. Cascade Style Sheets (CSS) are used to present the
HTML web pages in a consistent and readable manner.
Python scripts are also used to generate links to retrieve external data and display them.
Examples include radio and mid-infrared images, and flux density measurements.
2.3.1 Database
An SQLite (Structured Query Language-Lite) Database4 was used to store the catalogues. This
was selected as it is both compatible with SQL queries, a well-established standard used for
databases, and is highly portable. The database file format is kept to a relatively compact single
disk file which has cross-platform compatibility. It is also well supported and optimised for
websites with low to medium traffic.
All radio catalogues as described in Section 2.2 were cross-matched on radio position
through the program TOPCAT (Taylor, 2005). TOPCAT is an interactive graphical viewer and
editor for tabular data designed for use by astronomers and astronomical data. Its useful graph-
ical tools and in-built functions to perform e.g. cross-matching or conversion of co-ordinates,
statistical analysis, and so forth, made it the best choice for this task.
The SUMSS, NVSS and AT20G catalogues were cross-matched together to form the master
table. A 10 arcsecond radius was chosen after comparing different cross-match radii with the
number of successful matches and ensuring the number of false matches was minimised, as mo-
tivated by Sadler et al. (2014). False matches occur when the cross-match radius was too high.
This was verified with a separate cross-matching method (Callingham, 2017). All unmatched
sources, even within the overlap regions of NVSS and SUMSS, were kept within the database.
Separate tables within the database were created to perform the cross-match between these
three catalogues and the others mentioned within Section 2.2. In the cases of the Ku¨hr et al.
(1981) and Wall & Peacock (1985) catalogues, conversions were done through TOPCAT to
change the positions from the J1950 epoch to the currently used J2000 epoch prior to any cross-
matching.
The NVSS and SUMSS image cube files, as made publicly available from their respective
websites, were downloaded to the web server for use for visualisation of the radio sources (see
Section 2.3.2.4).
4https://www.sqlite.org/
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2.3.2 Web page Creation
2.3.2.1 Web server
To host the website, scripts, database and image files, we considered what web server to use. A
web server is the software that receives and serves requests to access a web page, and handles
communication between scripts and files, necessary for querying of information from a database
by a user.
An Apache web server by the Apache Software Foundation5 was chosen. Apache is the
most widely used web server software and conforms to current Hyper Text Transfer Protocol
(HTTP) standards. The Apache HTTP Server Project maintains an open-source HTTP server
for modern operating systems such as UNIX. It runs on 46% of the world’s web servers6, and
is free, fast, reliable and secure as well as customisable, allowing for a high level of flexibility.
A version of the web server was first created for testing purposes on a local machine. Fol-
lowing this prototype stage, an Apache web server was set up on the University of Sydney
Physics network.
Figure 2.4 displays the broad flowchart for the following two subsections which describes
the process of data acquisition from the website. As indicated in the figure, all elements men-
tioned are hosted on the Apache web server.
2.3.2.2 HTML Pages
We wrote each web page created for the website in Hypertext Markup Language (HTML).
HTML describes the structure of a web page. With CSS files (used for the presentation of the
web page) and JavaScript (used for scripting programs that can be embedded into the web page),
HTML forms the most common and reliable base for websites on the World Wide Web.
The website index page is located at www.physics.usyd.edu.au/askap_targets/
(see also Figure 2.5). It offers a brief explanation on the database and website, and offers var-
ious pre-set and customisable SQL queries for the database and each of the radio catalogues
described earlier. Options are available to the user for these queries, such as enforcing mini-
mum flux density limits, and sorting of the results by e.g. position, redshift and spectral index.
Result pages for these SQL queries present the radio sources that satisfy the criteria re-
quested in a HTML table format for readability (Figure 2.6). The user can view and download
the results in CSV format for their own analysis and manipulation. The Universal Resource Lo-
cator (URL) links are offered for each radio source presented in each row of data. These links
allow the user to either query the NASA/IPAC Extragalactic Database (NED) to obtain further
multi-wavelength information (e.g. redshift, fluxes), or to view the radio and mid-infrared im-
ages for the source. The images are presented through separate HTML pages, which gives the
NVSS and/or SUMSS, and optionally the WISE images, within separate boxes. See the later
subsection on image creation and display.
2.3.2.3 Database queries
Each of the requests for information from the database is performed through SQL queries. This
language is regarded as the standard for relational database management systems.
To perform the SQL queries, the HTML page sends information through Common Gateway
Interface (CGI) scripts to Python scripts. CGI offers a standard protocol for web servers to ex-
5https://httpd.apache.org/
6https://web.archive.org/web/20160810054429/http://news.netcraft.com/
archives/2016/07/19/july-2016-web-server-survey.html
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Figure 2.5: Top section of the index page of the website (www.physics.usyd.edu.au/
askap_targets/). Sample queries here includes a search by position.
Figure 2.6: Top section of a results table web page. Here, the query was of the ATNF Calibrator
catalogue. NVSS, SUMSS and AT20G information is returned along with properties of the
ATNF Calibrator catalogue. For each source, links are included to the radio and mid-infrared
WISE images, the ATCA Calibrator website record, the NASA/IPAC Extragalactic Database
(NED) record, and a search within 5 degrees of the object within the database.
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ecute programs on a web page dynamically. Depending on the input to the forms on the index
web page by the user, or in the case of image generation, the properties of the radio source
requested, such as position, the input is assigned to variables and appended to the target page
URL. For example, a query requesting all radio sources in the database within a 50 arcminute
radius of a desired position, the resulting URL is:
http://www.physics.usyd.edu.au/cgi-bin/askap_targets/cat_query.
py?ra=0.08&dec=-32.34&rad=50&sValue=0.2&title=Pos_Search&type=HTML,
where the right ascension (RA) and declination (Dec) have values of 0.08 and -32.34 degrees
respectively, a search radius of 50 arcminutes, a minimum flux density of 0.2 mJy (the default
minimum value for NVSS and SUMSS), the title of the query (Pos Search) which informs the
target Python script (cat query.py) which SQL query to execute, and output type of HTML.
When called, the Python script takes the target URL and decomposes it into these separate
variables. These are used for generation of the SQL query. The Python script first checks if
these input values are valid - if not (e.g. invalid coordinates, or an edited target URL where a
non-existent query is requested), the user is sent to an error page. A range of formats of position
are supported, such as degrees or HMS/DMS format.
When valid inputs are issued, the generated SQL query is sent to the database. The results
which satisfy the desired criteria are returned in SQL table format and are interpreted by a
separate Python script. The Python script reorganises the information into the desired format -
a HTML table result page, or a CSV format for user download.
The following database queries are available from the home page:
• Position search within a rectangular region. All radio sources in NVSS, SUMSS and
AT20G within a rectangular region of sky specified by the user are returned (e.g. between
a right ascension of 0 to 10◦, and declination of -30 to -40◦). A minimum flux density for
each of these surveys can be imposed. This query is designed for FLASH early science
commissioning mini-surveys of pre-determined regions of sky in collaboration with other
science projects of ASKAP.
• Position search within a circular radius. All radio sources in NVSS, SUMSS and AT20G
within a circular radius of a position specified by the user are returned (e.g. within 5 ar-
cminutes of the radio position RA = 0.08◦, Dec = -32.34◦). A minimum flux density for
each of these surveys can be imposed. This query is designed for locating nearby radio
sources to a target position, both to see if significantly bright and nearby sources may
interfere with the observation (e.g. introducing noise into the continuum image or cre-
ating source confusion), and what sources could be simultaneously searched within the
ASKAP field-of-view during targeted observations.
• Position search within a circular radius for multiple objects. This is an extension of
the above query after user feedback, located at http://www.physics.usyd.edu.
au/askap_targets/multi_search.html. Rather than perform a position search
for individual objects, this search page allows users to input a list of targets which are each
individually searched (see Figure 2.8). This query is created for exploring the properties
of a specific catalogue or sample.
• Strong/radio-bright sources. This query displays only all radio sources brighter than a
user-determined flux density (e.g. flux density S > 200 mJy) within the NVSS, SUMSS
and AT20G surveys. A different minimum flux density limit and declination cut (e.g. all
sources below declinations Dec < 0◦) can be implemented. This query can also be sorted
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Figure 2.7: Multi-object search web page of the website. This returns results for each source
position listed in the text field by the user within a user-determined radius.
by either RA, Dec, NVSS flux or SUMSS flux. This query is intended to identify the
brightest sources to investigate for early ASKAP-FLASH commissioning surveys, both
for targeted individual sources and sources within a region.
• Brightest radio sources. This query is a variation of the above, and displays e.g. the top
200 sources within NVSS or SUMSS in order of flux density. Here the number of sources
displayed can be restricted as well.
• Individual catalogue queries. This query returns the NVSS, SUMSS and AT20G proper-
ties of the samples described earlier in Section 2.2.2 (Figure 2.7). The key information
from each of these samples is also given; e.g. for the Kuhr catalogue, the source name, 3C
name (if available), link to the flux readings as measured by Ku¨hr et al. (1981), spectral
index and redshift information is displayed for each source in the results table.
2.3.2.4 Images
For each radio source returned in a successful query, the option to view the NVSS/SUMSS
radio and mid-infrared WISE images for each source is available to the user. In the radio
regime, the angular extent and structure (down to ∼45 arcseconds, the beam resolution of both
the NVSS and SUMSS surveys) as well as the immediate surrounding radio sky background
can be explored. This is necessary for the early identification of compact radio sources or an
alternate morphology (e.g. FR-I or FR-II, the presence of radio jets, etc., Fanaroff & Riley,
1974), and ensuring there is no source confusion. The mid-infrared images from WISE gives
users a sense of these properties, e.g. any emission from dust which leads to higher magnitudes
in the W3 and W4 bands. This is particularly useful for a mid-infrared selected sample of
obscured radio quasars, as performed in Chapter 5.
A flowchart of the website and necessary scripts to both generate and display these images is
given in Figure 2.8. When an image is requested from the user by clicking a URL link generated
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Figure 2.9: Example radio images from NVSS and SUMSS for PKS 0500+019 (NVSS image;
left panel) and J205401-424238 (SUMSS image; right panel) as generated and displayed on the
website. These radio sources had HI absorption detections made toward them (see Chapters 3
and 5 respectively). Contour levels are generated based on the peak flux measurement in the
respective surveys. The FITS format versions of all radio images are available to download
from the website.
Figure 2.10: The WISE three-colour images (using the 3.4, 4.6 and 12 µm bands) for the
same example radio sources in Figure 2.9. As before, these are generated and displayed on the
website. Radio contours are overlaid on the mid-infrared colour image in blue (NVSS) or red
(SUMSS). The red circle indicates the radio position as given by NVSS or SUMSS. Individual
WISE band images are also available for viewing and download on the website in PNG and
FITS format.
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within the results table (which contains CGI variables), the target Python script interprets the
input variables. These inform the program on the position of the sources in NVSS and/or
SUMSS, their flux densities, and whether the mid-infrared images are also desired. Figure 2.9
gives example NVSS and SUMSS images for radio sources examined within Chapters 3 and 3.
For the radio images, the NVSS and SUMSS image cubes are uploaded separated onto the
web server. If this is the first time an individual object has had its image data requested, the
Python script selects the correct image cube based on the source coordinates and creates the
image. Both Portable Network Graphics (PNG; raster graphics file format that supports lossless
data compression and widely used across the Internet), and Flexible Image Transport System
(FITS; the most commonly used digital file format in astronomy used for photometric and spa-
tial calibration information) formats are used. These are saved to the web server through the
Python module APLPY7. The PNG images are displayed as radio contours using the known
flux density information on the image results page, with a link generated to the FITS file down-
load (Figure 2.10) for users who wish to do their own work with the raw data. On subsequent
viewing of the image pages for these sources, the saved PNG and FITS files are immediately
displayed.
If a mid-infrared WISE image is requested, a different approach is employed. The WISE
survey includes images in four different bands (centred at wavelengths of 3.4, 4.6, 12 and
22 µm). However, the sheer size of the WISE catalogue and image outputs (747,634,026 ob-
jects) makes it too large to reasonably host on the same web server. Instead, web-scraping
Python tools (via the Python modules BeautifulSoup8 and mechanize9) were used to query the
IPAC image mosaic service10. This service offers images from WISE, as well as other surveys
(e.g. 2MASS, SDSS). The web scraping Python script remotely submits the necessary informa-
tion to the website to generate the FITS format WISE 4-band images and downloads the files
for display on the website. As this process relies on the external montage service, process times
typically take around a minute. In case an error occurs in obtaining these files (e.g. downtime
on the IPAC image mosaic website), the web page times out with an error message displayed to
the user. The output files are saved to the web server so that re-download is not necessary when
the same images are requested.
In addition to the four WISE images, a 3-colour WISE image using the 3.4, 4.6 and 12 µm
bands is created to give users a better indication of the mid-infrared colour information of the
source. The NVSS and/or SUMSS radio contours are also overlaid on each WISE image to
better give a comparison between the radio and mid-infrared image information. Figure 2.10
gives examples of WISE 3-colour images created through the website.
2.3.2.5 SED Fitting
Also available on the image display web page is the ability to both obtain the spectral energy
distribution (SED) and make a rest-frame 1,420 MHz (corresponding to the 21 cm HI transition)
2nd-order polynomial fit (Figure 2.11). The SED information can help understand the mech-
anism behind the AGN and identify compact radio sources, which are believed to represent
young or recently re-triggered AGN. For instance, a sample of Gigahertz peaked or compact
steep spectrum (GPS and CSS) sources was compiled by the FLASH team for early science
commissioning with ASKAP-BETA.
7https://aplpy.github.io/
8https://www.crummy.com/software/BeautifulSoup/
9https://pypi.python.org/pypi/mechanize/
10http://hachi.ipac.caltech.edu:8080/montage/
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Figure 2.11: Example spectral energy distributions, fits and related measurements as gener-
ated through the website using data web-scraped from the NASA/IPAC Extragalactic Database.
As in Figures 2.9 and 2.10, these SEDs are for radio galaxies PKS 0500+019 (left panel) and
J205401-424238 (right panel). The vertical line indicates the redshift of HI associated ab-
sorption that was detected towards these two radio sources. The horizontal line indicates the
1 Jy minimum flux density limit for ASKAP-FLASH early commissioning (only applicable here
to PKS 0500+019). Green points are considered outside of the radio regime and hence not
included in the SED fits.
Through code originally created by James Allison and subsequently adapted through the
Python module Astroquery11, a Python script uses the web scraping technique described above.
It is used to search the NASA/IPAC Extragalactic Database records for the source and obtain
both the radio flux density and frequency data, as well as any redshift information. The redshift
is used in combination with the SED for calculation of the expected flux density at the 21 cm
transition of the radio source. This is necessary to consider for target selection during the
ASKAP-BETA stage as a faint source at these wavelengths will not be able to be sufficiently
observed for HI absorption. A second-order polynomial fit is also attempted for the source.
If successful, a PDF file is generated and saved to the web server, and displayed to the user.
Common errors include a lack of redshift information in the NED records, or a lack of spectral
energy density information for the NED source to generate a meaningful SED.
Another calculation performed and displayed within the output PDF file is that of the UV
luminosity of the source based on the SED fit. AGN with a UV luminosity LUV ∼ 1023 W Hz−1
or greater are important to consider. Studies by Curran et al. (2011) and Curran et al. (2013a)
have found that a sufficiently UV-bright object may be able to ionise all the neutral star-forming
material within the host galaxy. Further work is ongoing in studying this phenomenon; Aditya
et al. (2017) found a sole potential exception thus far, but this is contested in Curran et al. (2017).
However, in selecting target sources, it is currently deemed necessary to avoid the UV-bright
galaxies to avoid a lower probability of a successful HI absorption detection to be made.
2.4 Summary
We created a working and publicly available website that allows users to access the radio infor-
mation of radio sources in all-sky radio catalogues, view the radio images, and access additional
multi-wavelength information (e.g. mid-infrared information and redshift data through NED).
11https://astroquery.readthedocs.io/
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Since its creation, the website has been used continually by the FLASH team in target selection
for ASKAP-BETA surveys (e.g. Chapter 5, Allison et al., 2015; Moss et al., 2017, Sadler et al.;
in prep, Mahony et al.; in prep), and furthermore will be employed in upcoming surveys with
ASKAP-12 and beyond for future target selection and analysis of sources of interest (i.e. those
detected to have HI absorption).
All code used for the website as described above can be found at the publicly available
GitHub website: https://github.com/marcinglowacki/askap_targets.
The website shall continue to be hosted on the University of Sydney network, and hence
has scope to be further expanded and improved upon in future work. Potential updates include
added functionality to the SED fitting (e.g. power-law fits), image display from other surveys
(e.g. taking advantage of the additional surveys available on the IPAC image mosaic service,
optical images from SuperCOSMOS), and additions of other radio surveys/catalogues, includ-
ing existing surveys such as PMN, ATPMN and the MWA GLEAM surveys (Hurley-Walker
et al., 2017), and those which have begun observations or will gradually come into being (e.g.
EMU, the continuum survey for ASKAP; Norris et al., 2011).

CHAPTER
3
HI absorption in nearby compact
radio galaxies
The following chapter has been reproduced from the peer-reviewed paper Glowacki et al. (2017a),
“HI absorption in nearby compact radio galaxies”, Monthly Royal Notices of the Royal Astro-
nomical Society, 2017, 467, 2766. Minor typographical and grammatical changes have been
made to ensure consistency with the rest of the thesis.
HI absorption studies yield information on both AGN feeding and feedback processes. This
AGN activity interacts with the neutral gas in compact radio sources, which are believed to
represent the young or recently re-triggered AGN population. We present the results of a survey
for HI absorption in a sample of 66 compact radio sources at 0.040 < z < 0.096 with the
Australia Telescope Compact Array. In total, we obtained seven associated detections, five
of which are new, with a large range of peak optical depths (3% to 87%). Of the detections,
71% exhibit asymmetric, broad (∆vFWHM > 100 km s−1) features, indicative of disturbed gas
kinematics. Such broad, shallow and offset features are also found within low-excitation radio
galaxies which is attributed to disturbed circumnuclear gas, consistent with early-type galaxies
typically devoid of a gas-rich disk. Comparing mid-infrared colours of our galaxies with HI
detections indicates that narrow and deep absorption features are preferentially found in late-
type and high-excitation radio galaxies in our sample. These features are attributed to gas in
galactic disks. By combining XMM-Newton archival data with 21-cm data, we find support
that absorbed X-ray sources may be good tracers of HI content within the host galaxy. This
sample extends previous HI surveys in compact radio galaxies to lower radio luminosities and
provides a basis for future work exploring the higher redshift universe.
3.1 Introduction
Compact radio galaxies are thought to represent the youngest or most recently triggered active
galactic nuclei (AGN Fanti et al., 1995; Readhead et al., 1996; Owsianik & Conway, 1998).
Studies are ongoing on the significant effects AGN feedback has on the host galaxy, such as
whether this activity triggers or suppresses star-formation, and what its role is in galaxy evolu-
tion (see review by Heckman & Best, 2014). This can be examined via the kinematics of circum-
nuclear neutral gas, sometimes exhibiting fast (> 1000 km s−1) and massive (up to 50 M⊙ yr−1)
outflows created by interactions from radio-loud AGN (e.g. Morganti et al., 2005).
The 21-cm line of atomic hydrogen (HI) is a useful tool for tracing the neutral gas within
galaxies in emission to study the diffuse neutral gas in galaxies (see Giovanelli & Haynes, 2016,
and references therein). However, due to flux limitations, it is currently difficult to detect HI in
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emission beyond redshifts of z> 0.2 (e.g. Verheijen et al., 2007; Catinella et al., 2008; Freudling
et al., 2011).
There is no such redshift limit for detecting the transition in absorption, as the line strength
only depends on the brightness of the background source, and the spin temperature and column
density of HI along the line of sight. Therefore, HI can be detected towards sufficiently strong
continuum radio sources regardless of gas redshift (e.g. Morganti et al., 2005). Absorption
from HI gas located in front of an AGN is a good tracer for the kinematics of gas, and hence HI
associated absorption surveys allow us to investigate how AGN feedback directly interacts with
the clumpy medium in the host galaxy in compact radio sources (e.g. Wagner et al., 2012).
It was suggested that intrinsically compact sources - primarily, gigahertz peaked spectrum
(GPS) (≤ 1 kpc in size) and compact steep-spectrum (CSS) radio sources (∼1 – 10 kpc) - have
higher detection rates of HI than extended sources (e.g. with detection rates of ∼20 – 40%
in Vermeulen et al., 2003; Gupta et al., 2006; Chandola et al., 2011). Furthermore, Curran
et al. (2016c) shows that the HI detection rate is proportional to the turnover frequency, which
is inversely proportional to source size. Morganti et al. (2001) searched for HI in 23 nearby
(z < 0.22) radio galaxies and found a detection rate of HI of 23% in the compact sources,
higher than that of a subset of extended Fanaroff-Riley type I and II (FR-I, FR-II) sources
(10%). Pihlstro¨m, Conway, & Vermeulen (2003) also suggest an anti-correlation between the
HI column density and source size. Curran et al. (2013a) attributed this to a source size anti-
correlation with optical depth, proposing this is due to an effect of geometry with a larger
covering factor for smaller source sizes.
These studies reveal evidence for disturbed neutral gas kinematics near young AGN. Gere´b
et al. (2015) found that asymmetric, broad absorption features appear more often in compact
sources, suggesting a greater interplay between the AGN feedback of the host galaxy and the
neutral gas environment. Such interplay, where the ultra-violet luminosity of the active nucleus
has a direct impact on the neutral gas in the host, has been suggested by Curran et al. (2008), who
first noted a decrease in the detection of associated HI absorption with redshift. They attributed
this to the flux limitations of optical surveys, biasing towards increasingly UV luminous sources
(further demonstrated by Curran & Whiting, 2010). The detection rate reaches zero at ionising
photon rates of QHI ∼ 3 × 1056 sec−1 (LUV ∼ 1023 W Hz−1 at λ = 912 A˚), at which point all
of the neutral gas in the host galaxy is believed to be ionised (Curran & Whiting, 2012). This
critical UV luminosity limit has been observed several times since, through the non-detection of
HI above this value (Curran & Whiting, 2010; Curran et al., 2013b; Curran et al., 2013, 2016a;
Grasha & Darling, 2011; Allison et al., 2012a; Gere´b et al., 2015; Aditya et al., 2016).
Here we present the results of the search of HI absorption complementary to Allison et al.
(2012a), who searched for HI in 29 targets as part of a sample of 66 nearby (0.04 < z < 0.08)
compact sources selected from the Australia Telescope 20 GHz survey (AT20G; Murphy et al.,
2010). This was done with the Australian Telescope Compact Array (ATCA) on the Broadband
Backend (CABB). A total of three detections were made by Allison et al. (2012a), two of
which were previously unknown. The sample explores the HI content within nearby compact
radio galaxies with young or newly triggered AGN. We also present our analysis made through
consideration of infrared and X-ray properties.
This work also involved the development of a data reduction pipeline for wide-band data,
and an automated spectral-line finding method based on Bayesian inference. These tools are
part of preparation for the First Large Absorption Survey in HI (FLASH) with the Australian
SKA Pathfinder (ASKAP; Deboer et al., 2009; Johnston et al., 2009; Schinckel et al., 2012), and
has been successfully employed in the ongoing ASKAP-FLASH commissioning survey (e.g.
Allison et al., 2015). FLASH’s redshift regime of 0.4 < z < 1.0 will explore both associated
and intervening (within another galaxy along the line of sight) HI absorption, and allow us to
extensively examine how the HI content has evolved with redshift in a largely unexplored epoch.
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Table 3.1: Summary of observations, including those made by Allison et al. (2012a). In order
of column, we list the observing group ID (obs. ID), observing dates, the ATCA array configu-
ration, central frequency of the zoom channel, average integration time per source in hours, the
number of observed sources, the average 1-σ noise in the channels, and notes.
Obs. ID Dates Config ν tint n σchan Notes
MHz hr mJy/beam
A 2011 Feb 03-06 6A 1342 3.5 14 4.0 Published (Allison et al., 2012a).
B 2011 Apr 23-26 6A 1342 3.5 15 4.0 Published (Allison et al., 2012a).
C 2013 Feb 13-16 6A 1342 4.0 14 6.3 Three contiguous 24 hour periods.
D 2013 June 08-10 6C 1310 1.5 9 7.4 Three separate periods of 6–10 hours.
E 2014 Sept 25-28 6A 1340 4.0 14 3.4 Contiguous 24 hour periods.
In this paper the standard cosmological model is used, with parameters ΩM = 0.27,
ΩΛ = 0.73 and H0 = 71 km s−1 Mpc−1. All uncertainties refer to the 68.3 per cent con-
fidence interval, unless otherwise stated.
3.2 Sample Selection, Observations and Data Reduction
3.2.1 Observations
3.2.1.1 Sample Selection
To study the HI content of the inner circumnuclear regions of galaxies, we chose radio galaxies
known to have a bright, compact core. Targets were selected at 20 GHz from the AT20G survey
catalogue (Murphy et al., 2010), which were cross-matched with the 6dF Galaxy Survey (Jones
et al., 2009) to obtain redshift information (Sadler et al., 2014). In order to select compact
sources, those with extended radio emission on scales greater than 15 arcseconds at 20 GHz
were removed. Following this, the sample was restricted to 45 sources south of declination
δ = − 20◦, within the redshift range of 0.04 < z < 0.08. This range was chosen to search for
the 21-cm HI line within a convenient and available frequency range of the ATCA, and to avoid
contaminating the spectra with HI emission lines by probing sufficiently nearby galaxies. The
instruments also imposed a minimum flux density limit of 50 mJy at 1.4 GHz (as absorption
line strength depends on the brightness of the background source).
The results from observations of 29 sources were reported by Allison et al. (2012a). Two
sources within our sample (J062706–352916 and J164416–771548) were previously observed
by Morganti et al. (2001) to optical depth upper limits of τ < 4.7%, and so were not re-observed
by us. These observations have since been extended by three separate observation runs made
with the ATCA in order to expand to the sample:
• 14 targets in February 2013 with the same selection criteria as that by Allison et al.
(2012a). Of these targets, the source J091856–243829 was included for an intervening
HI search, but while we give its spectrum, it is not part of our sample.
• 9 targets in June 2013, in a higher redshift range (0.080 < z < 0.096). This redshift range
was within the receiver limits and avoided specific radio frequency interference (RFI).
• 14 targets in September 2014. These were part of a separate sample of 68 compact GPS
sources imaged with the Very Long Baseline Array (VLBA). They had also been selected
from the AT20G survey with redshifts identified in the 6dF Galaxy Survey. These targets
had additional constraints of declinations of δ > -40◦, redshifts of 0.04 < z < 0.08, a
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minimum flux density of 50 mJy at 1.4 GHz, and an angular size of 0.2 arcseconds or less
at 20 GHz.
Several of the VLBA-imaged sources had been detected in the continuum with the Aus-
tralian Long Baseline Array (LBA) by Hancock et al. (2009) at 4.8 GHz, where all targets were
observed but unresolved on scales of ∼100 mas, implying linear sizes of less than 100 pc. The
VLBA imaging spatial resolution is 0.5 mas, and hence will allow for a comprehensive study of
the radio source morphology on parsec scales.
In total our sample consisted of 66 targets which are detailed in Table 3.2. A short descrip-
tion of each of the columns follows.
Column (1): The AT20G source name.
Columns (2) & (3): The right ascension and declination of the source at J2000.
Column (4): The AT20G 20 GHz flux density (Murphy et al., 2010).
Column (5): S1.4 is the NVSS 1.4 GHz flux density (Condon et al., 1998).
Column (6): S0.843 is the SUMSS 843 MHz flux density (Mauch et al., 2003).
Columns (7) & (8): The corresponding spectral indices between the two lower-frequencies and
20 GHz are given by α201.4 and α
20
0.843 respectively.
Column (9): Observation ID. Refer to Table 3.1 for the details of each run.
Column (10): zopt is the optical spectroscopic redshift.
Column (11): SC is the optical spectroscopic classification as defined by Mahony et al. (2011).
Aa means only absorption lines were detected, Ae corresponds to only emission lines, AeB
broad emission lines, and Aae means both were observed.
Column (12): MK is the Two Micron All Sky Survey (2MASS) K-band absolute magnitude
(Skrutskie et al., 2006).
Column (13): The 20 GHz compactness, 6kmvis, defined as the ratio of the measured visibility
amplitude on the longest ATCA baselines to that on the shortest baselines (Chhetri et al., 2013).
They find a lower limit of 0.86 for unresolved sources.
Column (14): FR is the Fanaroff-Riley type at low frequency (1.4 GHz) (Fanaroff & Riley,
1974; Baldi & Capetti, 2009; Ghisellini, 2011).
3.2.1.2 Spectral indices of radio sources
Instead of selecting by spectral index, our survey targeted compact radio galaxies selected at 20
GHz, including both steep and flat-spectrum sources, and so our source selection differed from
similar surveys, such as Gupta et al. (2006) and Chandola et al. (2011), which targeted GPS
and CSS radio sources. Of the full sample, 38 (58%) are classified as flat-spectrum sources
(−0.5 < α < 0.5 between 1.4/0.843 GHz and 20 GHz; Table 3.2).
We examined additional flux density measurements to confirm how many of our compact
core-selected sources are classified as flat-spectrum. Figure 3.1 shows the spectral indices from
the AT20G survey (Murphy et al., 2010) for 49 of our sources with flux measurements at 20
GHz, 8.4 GHz and 4.8 GHz. Considering only these flux measurements, the majority have flat
spectral indices. Most were found to have either a decreasing spectral energy distribution with
frequency (steep/falling) or with a spectral peak between 4.8 and 20 GHz (GPS).
3.2.1.3 ATCA Observations
All observations were made using the CABB system (Ferris & Wilson, 2002), with a 64 MHz
zoom-band across 2048 channels. This band was centred at either 1310, 1340 or 1342 MHz
to allow a simultaneous search for associated HI absorption over the respective redshift ranges
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Figure 3.1: Spectral indices for the 49 sources in our samples with measurements at 20 GHz,
8.4 GHz and 4.8 GHz. All but nine fall in a flat-spectrum regime in either axis (spectral indices
of −0.5 < α < 0.5), with 26 flat in both indices. The majority are found to have either a
decreasing spectral energy distribution with frequency (steep/falling) or with a spectral peak
between 4.8 and 20 GHz (GPS).
for each set of targets within a single zoom-band. The corresponding frequency ranges were
1278–1342 MHz, 1308–1372 MHz and 1310–1374 MHz respectively. The ATCA observations
are detailed in Table 3.1.
Like the survey of Allison et al. (2012a), sources were observed in 20 or 30 minute scans,
and interleaved with 1.5 or 2 minute observations of a nearby bright calibrator for gain and
phase calibration. Only the sources observed in June 2013 (Obs. ID of D) had the 20 minute
scans with 1.5 minute observations of a calibrator. PKS 1934–638 (Reynolds, 1994)1 was ob-
served regularly as the primary bandpass and flux calibrator, and for some nearby targets as
a secondary calibrator. All 2048 zoom channels were used corresponding to a bandwidth of
64 MHz, although channels affected by RFI were removed during data reduction. Observations
were made at different HA (hour angles) for each source to aid the uv-coverage.
3.2.2 Data Reduction
All flagging, calibration and imaging of the data were performed using tasks from the MIRIAD2
package (Sault, Teuben, & Wright, 1995) and implemented using a purpose-built HI data re-
duction pipeline written in Python (Allison et al., 2012a). Channels that are known to contain
significant RFI (e.g. birdies, CABB-generated self-interference due to clock harmonics) were
flagged out on the fly by the correlator and applied when data was loaded using ATLOD. PGFLAG
and BLFLAG were used both before and after calibration for each target and calibrator to iden-
tify and flag out remaining RFI. Care was taken to avoid excessive flagging of data and hence
the removal of any putative spectral lines, and comparisons were made between flagged and
unflagged data. Typically less than 0.1% of data was flagged by the correlator, and less than 2%
1http://www.narrabri.atnf.csiro.au/calibrators/
2www.atnf.csiro.au/computing/software/miriad/
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in total, although the spectra for the June 2013 observations were far more corrupted by RFI
(upward of 10% removed in a few cases).
The absolute flux scale and spectral index corrections based on the flux model of PKS 1934–
638 (Reynolds, 1994) were applied to each of the secondary calibrators. We then calculated the
time-varying bandpass and gain corrections for the amplitude and phase for each of these, and
applied their calibration solutions to their paired target sources. We repeated the remaining
methods and process described by Allison et al. (2012a) for obtaining the source spectra. Fig-
ure 3.1 displays the extracted spectrum for each of the target sources, where the arrow below the
spectra indicates the expected position for any associated 21-cm HI absorption lines, calculated
using the known optical spectroscopic redshift of the target. Figure 3.3 gives the 21-cm line
strength versus the flux density of each source.
We analysed the spectra through a Bayesian line finder and parameterisation pipeline (Alli-
son et al., 2012b). Improvements made to the pipeline since Allison et al. (2012b) have allowed
for higher-order polynomial model fits to be made for the continuum, to account for any spectral
artefacts that could not be successfully removed, e.g. bandpass calibrator ripples. As a result,
there are now fewer false positive detections.
3.3 Results
3.3.1 Detections of HI
We obtained four detections of HI absorption (three previously unknown) in addition to those
obtained by Allison et al. (2012a). Figure 3.4 shows the optical SuperCOSMOS Sky Survey
(Hambly et al., 2001) and our observed radio continuum images for the targets with HI absorp-
tion, and results of spectral model fitting. Table 3.3 summarises the properties of the individual
Gaussian components which were fitted using Bayesian model comparisons of the new detec-
tions.
These four detections add to the previous three (Allison et al., 2012a), giving a total of 7/66
detections, or a detection rate of 11%. Of these seven detections, four have been categorised as
a flat-spectrum source (−0.5 < α < 0.5 between 1.4/0.843 GHz and 20 GHz; Table 3.2; also
seen in Figure 3.1 for 5 to 8 GHz and 8 to 20 GHz). We have a HI absorption detection rate of
∼10% within both the flat-spectrum and steep-spectrum sources (indicated in Table 3.2).
Table 3.4 gives the optical depth and HI column density for each of the sources observed in
2013-2014. The 21-cm optical depth is given by
τ(ν) = − ln
(
1− ∆Sline(ν)
fSC(ν)
)
, (3.1)
where SC is the continuum flux density at the optical spectroscopic redshift, ∆Sline is the
spectral-line depth (detection) or 3-σ rms noise (non-detection), and f is the covering factor
of the background source. In the optically thin regime (∆Sline/SC . 0.3), the above expression
reduces to:
τ(ν) ≈ ∆Sline(ν)
fSC
≈ τobs(ν)
f
, (3.2)
where τobs(v) ≡ ∆SlineSC is the observed optical depth as a function of velocity. The HI column
density (in cm−2) is related to the integrated optical depth (km s−1) as follows (e.g. Wolfe &
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Figure 3.2: CABB 21-cm spectra for newly observed sources in our sample (see Table 3.2),
with the amplitude in flux (mJy) plotted against the Doppler corrected barycentric velocity (cz,
in 103 km s−1). The frequency resolution is 0.03125 MHz. The arrow indicates the optical
redshift of the host galaxy, where any associated HI absorption feature would be expected. The
1σ redshift error is indicated by the horizontal line on the arrow. No smoothing was made.
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Figure 3.2: Continued.
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Figure 3.2: Continued.
Figure 3.3: The 21-cm line strength versus the measured flux density of the source. Blue points
give our detections, and red the upper limits of our non-detections. A few sources (Obs. ID
of D) had shorter integration times owing to RFI corruption which affected data for several
minutes at a time, and so these sources lie above the range for our detections (see Table 3.2).
Burbidge, 1975):
NHI = 1.823× 1018 Tspin
∫
τ(v)dv
≈ 1.823× 1018 Tspin
f
∫
τobs(v)dv, (3.3)
where Tspin is the harmonic mean spin temperature of the gas (in K).
3.3.2 Notes on detections
Our four new HI detections have a large range of peak optical depths (from as high as τobs ∼
87% to a tentative detection at τobs ∼ 3%). Our non-detections show a similar range of upper
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Table 3.3: The inferred values for parameters from fitting a multiple Gaussian spectral-line
model for the new sources we detect HI absorption. See Allison et al. (2012a) for parameters
on the other HI detections. zcentre is the redshift of the centre of the absorption component;
∆vFWHM,i is the FWHM; ∆Si is the depth and R is the natural logarithm of the ratio of proba-
bility for this model versus the no spectral-line model (the Bayes odds ratio).
AT20G name zcentre ∆vFWHM,i 1σ error ∆Si 1σ error R
(km s−1) (km s−1) (mJy) (mJy)
J031552-190644 0.0671 29 +4−6 26
+2
−5 284.6±0.3
0.0672 19 +22− 5 12
+3
−2
J060555-392905 0.0448 50 +1−1 51
+1
−1 471.4±0.3
J084452-100059 0.0423 450 +40−80 4
+1
−1 13.8±0.3
J125711-172434 0.0474 100 +110− 30 8
+1
−2 91.1±0.4
0.0477 210 + 10−120 5
+2
−1
limits on the peak optical depths (Table 3.4), an expected result given the range of flux densities
and sensitivity of our survey (Figure 3.3). Some sources had higher upper limits found for their
line strengths due to shorter integration times in the June 2013 observation run (Table 3.2).
J031552-190644 (z = 0.0671) - A previously known strong HI absorption feature (Ledlow
et al., 2001) is detected against the compact flat spectrum core of this well-studied FR-I radio
source. The AGN is hosted by a disc-dominated spiral galaxy (Ledlow et al., 1998). The host
galaxy is located close to the centre of the galaxy cluster A428.
Ledlow et al. (2001) found that the very narrow peak absorption in the host galaxy gave
a large apparent optical depth of 0.98 ± 0.06 that is only seen against the radio core and not
against either of the two observed radio jets, hence ruling out a large, diffuse HI halo. They
measure a column density of NHI ' 1.82 × 1018 TSf τ∆νFWHM cm−2, with a FWHM velocity
width of ∆νFWHM = 34 km s−1 giving a value of NHI ' 6.19 × 1019 TSf τ cm−2. Ledlow et al.
(2001) suggests that, given this high optical depth, the absorbing gas is either of a high density,
or the sightline goes through the disc in such a way to maximise the amount of absorbing gas
(e.g. through a spiral arm or very dense cloud, possibly originating in the ISM of the host galaxy
due to the narrow linewidth they observe).
Our measurement of the peak optical depth is similar to that of Ledlow et al. (2001); we find
the HI column density to be NHI = 5.62 (± 0.27) × 1019 TSf cm−2 (Table 3.4). The absorption
line feature in our spectrum is best fitted by two narrow Gaussians, both located around the
spectroscopic optical redshift, and matches the narrow, deep feature that Ledlow et al. (2001)
observed.
J060555-392905 (z = 0.0452) - This is a flat-spectrum radio source with a new HI detection.
It was spectroscopically classified as an AGN source with only absorption features (Aa) within
its optical spectrum by Mahony et al. (2011). The presence of a foreground star affects both the
spectrum and the visual classification of the morphology of the host galaxy (Figure 3.4).
A one-component, narrow Gaussian fit slightly blueshifted (∼ 68 ± 4 km s−1) from the
spectroscopic optical redshift was the most statistically likely in modelling (Table 3.3). Given
the narrow absorption line and its slightly blueshifted location, the cold HI gas we observe
could be located close to the host galaxy’s AGN, and perhaps be an outflow of a clump of
gas. However, the galaxy’s mid-infrared colours suggest at a star-forming host galaxy with a
low AGN accretion rate (Section 3.1.1), and hence the absorption could be due to a gas-rich
galactic disc. More information about the morphology of this host galaxy is required to aid this
interpretation.
J084452-100059 (z = 0.0423) - We find a tentative new detection of a weak broad line
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Table 3.4: A summary of derived HI absorption properties from model fitting for our 2013
and 2014 observing runs. See Allison et al. (2012a) for information on the other observations.
σchan is the estimated uncertainty per channel; SC is the integrated spectral flux density of
the continuum model at either the position of peak absorption or the optical redshift estimate;
1σ error is the continuum model’s flux density error, ∆Sline is the peak spectral-line depth;
τobs,peak is the observed peak optical depth and
∫
τobsdv is the observed velocity integrated
optical depth. Upper limits assumed a single Gaussian spectral line of FWHM = 30 kms−1, and
peak depth = 3σchan. The channel width is 0.03125 MHz.
AT20G name σchan SC 1σ error ∆Sline τobs,peak
∫
τobsdv log10
(
NHIf
Tspin
)
(mJy) (mJy) (mJy) (mJy) (km s−1) cm−2 K−1
J005734-012328 3.70 677.2 +0.5−0.5 <11.1 <0.02 <0.52 <18.0
J011132-730209 2.96 66.5 +0.1−0.1 <8.9 <0.13 <4.26 <18.9
J025955-123635 4.93 452.1 +0.2−0.2 <14.8 <0.03 <1.04 <18.3
J031357-395403 7.79 521.4 +0.2−0.2 <23.4 <0.04 <1.43 <18.4
J031552-190644 2.00 44.5 +0.1−0.1 25.9
+1.5
−1.6 0.87
+0.09
−0.08 31.16
+1.73
−1.76 19.75
+0.02
−0.02
J033114-524148 2.66 29.4 +0.1−0.1 <8.0 <0.27 <8.66 <19.2
J033913-173600 2.40 123.4 +0.1−0.1 <7.2 <0.06 <1.86 <18.5
J034630-342246 2.99 57.1 +0.1−0.1 <9.0 <0.16 <5.01 <19.0
J035145-274311 2.84 12.0 +0.1−0.2 <8.5 <0.71 <22.76 <19.6
J035257-683117 4.33 149.0 +0.2−0.2 <13.0 <0.09 <2.78 <18.7
J035410-265013 3.26 70.5 +0.1−0.1 <9.8 <0.14 <4.43 <18.9
J043022-613201 3.29 181.0 +0.1−0.1 <9.9 <0.05 <1.74 <18.5
J060555-392905 2.96 106.4 +0.1−0.1 34.8
+1.4
−1.5 0.40
+0.02
−0.02 31.86
+1.41
−1.44 19.76
+0.02
−0.02
J065359-415144 7.49 159.4 +0.3−0.3 <22.5 <0.14 <4.50 <18.9
J084452-100059 2.65 134.3 +0.2−0.2 4.1
+0.6
−0.7 0.03
+0.01
−0.01 14.20
+2.64
−2.71 19.41
+0.08
−0.08
J090802-095937 2.57 137.0 +0.1−0.1 <7.7 <0.06 <1.80 <18.5
J091856-243829 2.04 53.1 +0.1−0.1 <6.1 <0.12 <3.68 <18.8
J114539-105350 3.75 46.7 +0.1−0.1 <11.2 <0.24 <7.69 <19.1
J123148-321314 8.71 146.9 +0.3−0.3 <26.1 <0.18 <5.68 <19.0
J125615-114635 2.82 89.5 +0.1−0.1 <8.5 <0.09 <3.02 <18.7
J125711-172434 2.83 111.9 +0.1−0.1 10.8
+1.2
−1.3 0.10
+0.01
−0.01 18.46
+1.76
−1.65 19.53
+0.04
−0.04
J135036-163449 8.44 35.6 +0.3−0.3 <25.3 <0.71 <22.72 <19.6
J135607-172433 2.70 185.2 +0.1−0.1 <8.1 <0.04 <1.40 <18.4
J140912-231550 11.40 583.4 +0.4−0.4 <34.2 <0.06 <1.87 <18.5
J151741-242220 3.22 2336.3 +0.2−0.2 <9.7 <0.01 <0.13 <17.4
J165710-735544 2.48 58.4 +0.1−0.1 <7.4 <0.13 <4.07 <18.9
J181857-550815 2.37 35.8 +0.1−0.1 <7.1 <0.20 <6.33 <19.1
J191457-255202 2.99 189.4 +0.1−0.1 <9.0 <0.05 <1.51 <18.4
J204552-510627 3.52 64.7 +0.1−0.1 <10.6 <0.16 <5.21 <19.0
J205306-162007 2.41 69.2 +0.1−0.1 <7.2 <0.10 <3.34 <18.8
J205754-662919 2.29 46.0 +0.1−0.1 <6.9 <0.15 <4.77 <18.9
J212222-560014 2.43 19.2 +0.1−0.1 <7.3 <0.38 <12.15 <19.3
J214824-571351 8.84 90.1 +0.3−0.3 <26.5 <0.29 <9.40 <19.2
J220538-053531 2.94 157.1 +0.1−0.1 <8.8 <0.06 <1.79 <18.5
J221220-251829 4.57 145.6 +0.1−0.1 <13.7 <0.09 <3.01 <18.7
J234205-160840 2.78 52.2 +0.1−0.1 <8.3 <0.16 <5.10 <19.0
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Figure 3.4: Detections of HI 21-cm absorption. Left: radio image taken during observations
superimposed onto a grey scale SuperCOSMOS Sky Survey image (Hambly et al., 2001). Con-
tours are set to 10% intervals of the peak flux density of each source. Right: the corresponding
spectra from the ATCA observations centred at the optical spectroscopic redshift. The top panel
shows the data following subtraction of the best-fitting continuum model (grey), and the best-
fitting multiple Gaussian spectral-line model (black). The individual components are displayed
in green. The red line in the bottom half represents the data after subtraction of this model fit.
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Figure 3.4: Continued. These three HI detections and observations were published by Allison
et al. (2012a) and updated here. The tentative detection in J205401-424238 was verified by
Allison et al. (2013).
against this steep-spectrum source (spectral index of α = −0.7). As with J060555-392905, it
was spectroscopically identified as an Aa galaxy in Mahony et al. (2011). It is classified as a
FR-I type galaxy due to its extended low-frequency emission in NVSS. Beyond that there is a
lack of information regarding the morphology of the galaxy within the literature. Its infrared
colours are similar to those of elliptical galaxies, and its optical image suggests this morphology
as well (Figure 3.2).
The feature is best modelled by a wide, weak absorption line centred slightly blueward of
the source galaxy’s optical redshift (shifted by ∼ 180 km s−1). This detection has low signif-
icance compared to the other detections (Table 3.3). However, the logarithmic odds ratio of R
= 13.9 ± 0.3 means the spectral line model is favoured over the continuum fit (where there is a
higher probability for a model to be true relative to another if it has a (log) Bayes odds ratio R
> 1).
It is a rare broad feature without an associated narrow, deeper line. Like the previously
reported HI detection in J205401-424238 (Allison et al., 2012a), this line is apparent throughout
the observation in both polarization feeds, and does not appear in spectra that are extracted from
62 CHAPTER 3. HI ABSORPTION IN NEARBY COMPACT RADIO GALAXIES
Figure 3.5: The binned optical depth spectra for the 57 sources with non-detections of HI
absorption in our sample. The binned velocity is given relative to the optical redshifts (see
Table 3.2). The data have been binned to 10 km s−1, similar to the spectral resolution of the
individual spectra. A velocity range of 1500 km s−1 is shown for clarity. We find no evidence
for a statistical detection of HI absorption.
spatial positions significantly off the source. If real, this is the second such feature within our
sample (Figure 3.4, and Allison et al., 2013) that may have been dismissed by visual inspection
if not for our spectral line detection technique. To fully verify this detection however, we require
more sensitive 21-cm observations.
As the WISE mid-infrared colours indicate this galaxy has a low star formation rate, the ab-
sorbing gas we observe may only lie close to the AGN rather than being distributed throughout
the galaxy, possibly fuelling the radio AGN (Maccagni et al., 2014, 2016). It may also represent
an outflow of gas created by the AGN feedback, given the blueward offset of the line peak.
J125711-172434 (z = 0.0475) - We find a new detection against this flat spectrum radio
source, which is classified as a cD4 elliptical galaxy with a very faint yet significantly extended
corona (de Vaucouleurs et al., 1991). It is also the brightest source in the cluster A1644 (Hoessel
et al., 1980; Postman & Lauer, 1995). This cluster is the host of a few X-ray sources, including
3XMM J125712.0-172431 which has a X-ray flux of 1.39 × 10−13 ergs cm−2 s−1 (Rosen et al.,
2015). This X-ray activity could be attributed to the AGN in the host galaxy, or with the cluster’s
hot intergalactic gas. The galaxy was found to only have absorption line features within its
optical spectrum (Mahony et al., 2011), which contrasts with the X-ray emission detected.
We find two separate components in our spectral line modelling. The first is a narrow feature
centred slightly blueward (∼ 35 km s−1) of the optical spectroscopic redshift with ∆vFWHM =
133.5+100.4−64.5 , and a broader component slightly redshifted by ∼ 24 km s−1 with ∆vFWHM =
154.1+84.3−85.1 km s
−1 (Table 3.3). As this is an elliptical host galaxy whose mid-infrared WISE
colours indicate a low star formation rate (Section 3.5.1.1), the features here may be tracing gas
close to the AGN, and as we find a broad line, the gas may be unsettled to be distributed across
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J011132-730209 J125711-172439
J181934-634548 J220538-053531
Figure 3.6: X-ray spectra from the 3XMM-DR5 catalogue (Rosen et al., 2015) for the 11 X-ray
detected sources within our sample. The remaining 55 sources were either not observed by
XMM or not detected as X-ray sources. For each image, the top panel gives the normalised
counts for the EMOS1, EMOS2 and EPN detectors (black, red and blue respectively) versus
energy, and the bottom panel gives the residual to the absorbed power law model we fitted. The
sources on this page, including two with HI absorption features in their radio spectra (J125711-
172434 and J181934-634548), exhibit a decrease in normalised counts toward the low energy
end (‘soft X-rays’) of a factor of two or greater. This is characteristic of photoelectric absorp-
tion and Compton scattering X-rays, and an indicator of a high column density of hydrogen
(for these sources, NH > 2 × 1021 cm−2). The remaining seven X-ray emitting sources do not
have a large amount of hydrogen to diminish the observed emission in the soft X-ray end of the
spectra, and have lower hydrogen column densities.
such scales.
3.3.3 Testing for a statistical detection in the stacked non-detected
galaxies
As in the study by Allison et al. (2012a), we searched for a statistical detection of HI absorption
by stacking the 57 individual spectra which were not found to individually exhibit absorption.
We also separately stacked spectra of two subsets - the steep spectrum (SS) and flat spectrum
(FS) sources, as defined by their spectral index (Table 3.2, columns 4-8). As before, a velocity
bin size was also used to match the uncertainty in the optical spectroscopic redshift (typically
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J031757-441416 J033114-524148
J043022-613201 J062706-352916
J092338-213544 J164416-771548
Figure 3.6: Continued. Note that the spectra on this page, and that of J231905-420648 on the
following page, do not exhibit a strong downturn at the soft X-ray (low-energy) end and have
lower measured values of NH,X (Table 3.5).
3.4. RELATIONSHIP BETWEEN X-RAY AND HI 65
J231905-420648
Figure 3.6: Continued.
less than zerr = 0.0002, or 0.5% of the known redshift) for the sample to account for potential
smearing of any spectral line.
Using the spectral-line finding method as outlined in Section 3, we find that there is no evi-
dence of a statistical detection of 21-cm associated HI absorption in the stacked non-detections,
nor in the separate subsets. Our optical depth upper limit of τ < 0.004 is consistent with the
stacking result by Gere´b et al. (2014), of τ < 0.002 for 66 sources (Figure 3.5). This sup-
ports their argument that some of these sources may be genuinely depleted of cold gas, while
orientation effects of a disk-like distribution of HI may be also partially responsible for this
non-detection.
3.4 Relationship between X-ray and HI
From here on, we consider all sources listed in Table 3.2, including those observed by Allison
et al. (2012a).
3.4.1 Absorbed X-ray spectra
AGN activity can be traced by X-ray emission produced by Compton scattering from a corona
of hot electrons close to the super-massive black hole. X-ray spectra exhibit a dip in the lower
energy end (soft X-rays) when there is a high column density of opaque material within the host
galaxy due to photoelectric absorption and Compton scattering effects.
There is observational evidence that X-ray absorption may be correlated with HI absorption,
and previous work has examined whether X-rays and radio trace gas in the spatially co-located
regions (e.g. Siemiginowska et al., 2008; Siemiginowska, 2009; Ostorero et al., 2010; Ostorero
et al., 2016, Moss et al., in prep.). It is noted that earlier work did not find a clear correlation
however (Gallimore et al., 1999).
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Table 3.5: Radio and X-ray luminosities, and column densities for hydrogen and specifically
neutral hydrogen for our sample found to have X-ray emission. These include J125711-172434
and J181934-634548, our two HI absorption detections, for which we have a X-ray spectrum
(indicated with a *). NH,X is the elemental hydrogen column density estimate as given by XSPEC
from the XMM spectra; (NHIf
Tspin
) is our measured HI column density with no assumed value for
the covering factor f and gas spin temperature of Tspin; we then give an upper limit for Tspin
given NH,X and assuming a covering factor of f = 1 (Section 3.2); Γ is the measured pho-
ton index of the X-ray spectra; L5GHz the luminosity at 5 GHz (from the AT20G flux; Murphy
et al., 2010); LX the X-ray luminosity, and log10(LX/L5GHz) the logarithmic ratio of the X-
ray and 5 GHz luminosities. A value of log10(LX/L5GHz) < 1.8 matches with observed values
for FR-I sources (Tengstrand et al., 2009), suggesting these may be FR-I radio galaxies, or
GPS sources for which we haven’t yet observed a turnover in the spectrum at lower frequen-
cies. Source J033114-524148 had an exceedingly low estimate of its hydrogen column density
(< 1.00 × 1014 cm−2), and so was excluded from the Tspin given the non-physical upper limit
this value provides.
Name NH,X (NHIfTspin ) Tspin Γ L5GHz LX log10(
LX
L5GHz
)
cm−2 cm−2 K−1 K erg s−1 erg s−1
J011132-730209 3.2 ± 0.6 × 1021 < 7.94 × 1018 < 410 2.13 3.55 × 1040 6.36 × 1041 1.25
J031757-441416 1.3 ± 0.1 × 1021 < 5.89 × 1017 < 2254 2.21 3.98 × 1041 8.34 × 1043 2.32
J033114-524148 - < 1.58 × 1019 - 1.83 2.76 × 1040 6.21 × 1041 1.35
J043022-613201 8.7 ± 0.1 × 1020 < 3.16 × 1018 < 274 2.68 5.24 × 1040 4.99 × 1041 0.98
J062706-352916 9.6 ± 0.3 × 1020 < 3.70 × 1017 < 2582 2.56 4.33 × 1041 1.90 × 1043 1.64
J092338-213544 3.5 ± 0.3 × 1020 < 3.39 × 1018 < 102 1.75 9.46 × 1040 4.16 × 1043 2.64
J125711-172439* 3.1 ± 0.3 × 1021 3.39 × 1019 < 92 3.00 4.20 × 1040 1.20 × 1042 1.46
J164416-771548 8.2 ± 0.8 × 1020 < 2.59 × 1018 < 315 1.83 4.86 × 1040 5.91 × 1042 2.09
J181934-634548* 2.1 ± 0.1 × 1022 2.17 × 1019 < 961 1.41 2.59 × 1042 4.31 × 1043 1.22
J220538-053531 3.1 ± 0.1 × 1021 < 3.16 × 1018 < 944 3.08 5.66 × 1040 6.31 × 1042 2.05
J231905-420648 6.8 ± 0.9 × 1020 < 2.19 × 1018 < 306 2.59 1.71 × 1041 6.64 × 1042 1.59
The radio galaxy PKS 1740-517 (Allison et al., 2015) at redshift z = 0.44 was found to be
a X-ray bright source whose X-ray spectrum was well modelled by a standard absorbed power-
law. Investigating the potential of X-ray absorption as a proxy for HI absorption is a work in
progress using ASKAP commissioning data (Moss et al., in prep).
In order to investigate the link between X-ray and HI absorption in our sample, we cross-
matched our sample against the 3XMM-DR5 catalogue (Third XMM-Newton Serendipitous
Source Catalogue, Fifth Data Release; Rosen et al., 2015). In total, 14 galaxies were within the
XMM fields, with 11 detected in X-ray emission. Two of these sources also have detections of
HI absorption through our radio observations. Some sources also had noticeable Mg emission
lines in their X-ray spectra at ∼ 1.2 keV, and J031757-441416 has a strong Fe emission line
at ∼ 6 keV, a typical AGN line attributed to a torus region around the AGN seen to match the
source redshift.
A standard absorbed power law model was fitted and compared to all X-ray spectra in the
program XSPEC. These models were compared against non-absorbed models and were consis-
tently preferred by XSPEC. From the absorbed power law models, we obtained estimates for
the column density of hydrogen (neutral, elemental and ionised), with the assumption made of
there being some hydrogen at the known optical redshifts for the host galaxies.
Four of these sources have a decrease in their normalised counts of at least a factor of two
between the model’s lowest-energy value (typically ∼ 0.5 keV) and the peak value (Figure 3.6,
first set). The remaining seven sources lacked a matching visible dip in the soft X-ray end
(Figure 3.6, second and third set); unlike the other galaxies, these sources’ absorbed power law
models have a very minor dip in normalised count from their peak to the lowest energy value,
if any. In line with these observations, the four absorbed X-ray sources have a correspondingly
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higher estimate for their hydrogen column densities relative to the other X-ray emitting sources
with no visible dip (Table 3.5).
Of these soft X-ray absorbed galaxies, two (J011132-730209 and J220538-053531) have
total hydrogen column densities of NH ∼ 3 × 1021 cm−2 (Table 3.5), but no HI detected in
their radio spectra. At these densities the hydrogen could be mostly molecular (Schaye, 2001),
ionised, or located (at least partially) in an intervening system. It could also be due to a geomet-
ric effect, where we miss the HI content but not the X-ray emission. This is discussed further
in Section 5.1.3. Of the remaining two galaxies with HI absorption detected, J125711-172434
has a hydrogen column density of NH = 3.1 × 1021 cm−2. This value is similar to the highest
NH values found for the HI non-detections. J181934-634548 meanwhile has a considerably
higher value of NH = 2.1 × 1022 cm−2. This supports the idea that absorbed X-ray sources are
potentially good tracers of HI content within the host galaxy or near the AGN.
3.4.2 Upper limits on HI spin temperature from X-ray data
We can compare the estimated HI and X-ray column densities to learn about the composition
of the overall hydrogen content within these galaxies with X-ray emission. We obtained upper
limits on the HI spin temperature, by assuming all of the hydrogen gas is atomic, through the
relationship
Tspin < 5485[
NH,X
1022 cm−2
][
∫
τ21(v)dv
1 km s−1
]−1[
1
f
]K, (3.4)
whereNH,X is the total column density of hydrogen (in atomic, ionised and molecular form)
estimated from the XMM-Newton spectra, and f is the covering factor, assumed here to be a
complete covering factor of 1 (motivated by the compact radio source sizes of our sample re-
sulting in higher covering fractions). A lower covering factor would further decrease this upper
limit. It is also assumed that the X-ray emission is from the host AGN and not an intervening
system. 21-cm HI absorption optical depth is inversely proportional to the spin temperature (i.e.
τ ∝ Ts ×∆ν); see Gallimore et al. (1999).
Most of our upper limits give Tspin < 1000 K, and hence the gas seen in HI absorption
is unlikely to lie in a hot halo (Table 3.5). In considering the two sources with HI detections,
J181934-634548 has the largest column density of hydrogen in our sample. We obtain a high
upper limit on its spin temperature of Tspin < 961 K for its neutral hydrogen content. J125711-
172439 has a comparable column density of hydrogen and HI, with an upper spin temperature
of Tspin < 92 K, indicating this source has cold neutral gas close to its AGN.
3.4.3 Radio and X-ray luminosities
In order to learn more about the sources with X-ray emission, particularly those also with HI
detections, we compared the X-ray and radio luminosities (Table 3.5). GPS galaxies - which
are typically compact - have a higher radio luminosity than their X-ray luminosity. The reverse
is true for extended FR-II radio galaxies (those with brighter radio lobes than their core compo-
nent) and blazars (Fossati et al., 1998). Such luminosity ratios seen for GPS sources also match
those observed in FR-I galaxies (for which the radio brightness decreases with distance from
the core; Tengstrand et al., 2009). A comparison between their X-ray luminosities, calculated
through values obtained from XSPEC and their 5 GHz radio luminosity suggests that seven of
our sources, including both sources with HI absorption detections, have ratios consistent with
the FR-I population (where log(LX/L5GHz)< 1.8; Tengstrand et al., 2009). Not all these sources
appear to be GPS from their SEDs in the literature, such as with J125711-172434, which we
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(a) Our AT20G sample (b) Gere´b et al. (2015)
Figure 3.7: WISE colour-colour diagram for (a) our sample and (b) the sample studied by
Gere´b et al. (2015), with WISE bands W1-W2 against bands W2-W3. The 4.6 - 12 micron
colour increases with star formation rate, and the 3.4 - 4.6 micron colour changes with AGN gas
accretion rate. The overlay is a schematic indicating the general location of classes of objects
by infrared colour (based on Figure 3.12, Wright et al., 2010). Typical early IR type galaxies
hence tend to have colours near zero, late IR type galaxies redder in the W2-W3 colour and
hence a higher star formation rate, and QSO IR types red in both colours and correspondingly
higher AGN feeding rates. Blue points are sources with HI absorption features detected their
spectra, and red points are non-detections.
classify as a flat-spectrum source; see Table 3.2 and Section 5.2.3. It is possible that a turn-over
exists at frequencies lower than the minimum observed.
3.5 Discussion
3.5.1 Host galaxy properties
Our sample was selected based on the radio properties of each galaxy. While we considered
optical information, it was primarily to select targets within an appropriate redshift range for
our choice of telescope. We now look at other host galaxy properties that cannot be considered
from radio data alone, in particular the information provided by mid-infrared data.
3.5.1.1 Mid-infrared colour information
The mid-infrared wavelength colour information from the WISE survey (Wide-field Infrared
Survey Explorer; Wright et al., 2010) can provide an indication of both the AGN gas accretion
rate and the star formation rate.
Figure 3.7 shows a two-colour plot from the first three WISE bands, overlaid with a schematic
which gives the general mid-infrared colour characteristics of classes of extragalactic objects
(derived from Figure 3.12, Wright et al., 2010). Higher values of W1-W2 (WISE band 1 [3.4
µm] - WISE band 2 [4.6 µm]) typically corresponds to a larger AGN gas accretion rate, while
higher magnitudes on the W2-W3 axis correspond to a higher star formation rate (e.g. Donoso
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Table 3.6: HI detection rates for sources within each sector of the WISE two-colour plot (Fig-
ure 3.7). Both rates for our AT20G compact core sample and the sample of Gere´b et al. (2015)
are given. As measured by the mid-infrared, objects in the elliptical (early-type) sector have
lower values of star formation rates than typical spiral (late-type) galaxies. QSOs have both
higher star formation and AGN gas accretion rates, and were found to have the highest HI
detection rate. The standard error for each IR type is given.
Study Early Late QSO
IR type IR type IR type
This work 13% ± 7% 6% ± 4% 22% ± 14%
Gere´b et al. 2015 13% ± 7% 33% ± 6% 53% ± 12%
et al., 2012). For example, spiral (late IR type) galaxies, typically with higher star formation
rates than the quiescent elliptical (early IR type) galaxies, are redder in W2-W3, and quasi-
stellar objects (QSO IR type) are red in both axes.
It should be stressed that the schematic only applies to typical galaxies; the optical host
galaxy morphology and that indicated by infrared colours does not necessarily match in indi-
vidual cases. For example, J031552-190644 is known to have a spiral host galaxy (Ledlow
et al., 1998) and found to have HI gas by Ledlow et al. (2001) within a galactic disc. How-
ever, the WISE data indicate that this galaxy lies in the QSO segment, with a higher AGN gas
accretion rate than more ‘typical’ late IR type galaxies.
The left panel of Figure 3.7 shows our sample, and Table 3.6 lists the HI absorption detection
rate within each sector of the figure. The detection rate is highest for QSO IR type sources,
which makes sense, as an increase in both rates (particularly the star formation rate) means a
greater amount of gas either within the galactic disc or fuelling the AGN, leading to a larger
column density of HI.
Surprisingly we find that the detection rate is higher in early IR type (3/23) versus late IR
type (2/34) galaxies, albeit with low number statistics. We discuss some possible reasons in
Section 5.1.2.
J084452-100059 and J205401-424238 (both found with only a weak, broad absorption line),
as well as J125711-172434 (which has both a narrow and broad absorption), all fall within the
early IR type area of the WISE colour diagram. These had optical depths in the range of only
3% to 11%. The host galaxies with only narrow absorption and a range of higher optical depths
(17% to 87%) do not fall into this region. Host galaxies with small star formation rates may
have a corresponding lacking fuel supply (HI gas) that is too low to detect. The HI gas we
do trace in these early IR type galaxies may be close to the AGN rather than within the host
galaxy’s disc, and hence this gas may be influenced by the feedback or fuelling of such newly
born or triggered AGN (supported by their asymmetric features and the broad widths, some >
400 km s−1, of these lines).
3.5.1.2 Mid-infrared comparison with the Gere´b et al. study
The right panel of Figure 3.7 shows the WISE two-colour information for the survey by Gere´b
et al. (2015). This study includes both compact and extended sources and so does not directly
compare to our work featuring mainly compact core radio galaxies; their source selection was
only redshift and radio flux density limited. Nonetheless, it is also useful to investigate whether
the mid-infrared information could have predicted the findings of this study. In studying the
WISE colours of the Gere´b et al. (2015) sample, Chandola & Saikia (2017) found that the
detection rate of HI absorption was highest in compact galaxies with WISE infrared colours
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W2-W3 > 2, i.e. those with high star formation rates. Meanwhile, extended radio sources in
the sample and those with W2-W3 < 2 were found to have very low HI detection rates.
Unlike our sample, there is a clear increase in HI absorption detection rate from the late
IR type to the early IR type galaxies in the study by Gere´b et al. (2015). This may be at-
tributed to the fact that their study was more sensitive to lower HI column densities than our
work (Section 5.2; Figure 3.9). Comparing the non-detections, Gere´b et al. (2015) reached
average upper limits of NHI = 4.70 × 1018 TSf cm−2, compared to our average upper limit of
NHI = 6.88 × 1018 TSf cm−2.
Scaling our value for the different velocity resolution and FWHM assumed between the two
surveys (Curran, 2012), our average upper limit becomes NHI = 8.31 × 1018 TSf cm−2. These
limits and our lowest detection made at NHI = 2.17 × 1019 TSf cm−2 suggests we would not
have detected gas in the discs of other late IR type galaxies. The low HI detection rate of 13%
for early IR type galaxies is seen in both surveys.
It is noted that the finding by Chandola & Saikia (2017) applies to our sample. 4 out of 44
(9%) are detected in HI for sources with W2-W3 < 2, while above this colour limit 3 out of
22 (14%) sources are detected. As two-thirds of our sample are found to have W2-W3 < 2,
this may contribute to the lower overall detection rate of our survey. Furthermore, we find a
weak positive correlation between the column density values and upper limits, and the W2-W3
magnitude (Spearman rank correlation coefficient of 0.225 ± 0.078).
3.5.1.3 HI detection rate versus AGN gas accretion rate
All Gere´b et al. (2015) sources with W2-W3 ≥ 2.7 are detected in HI absorption. However,
at any fixed W2-W3 value below 2.7, HI absorption was detected more frequently in galaxies
with a lower W1-W2 value (Figure 3.7). The linear fit equations for the HI detections at W2-
W3 < 2.7 is W1-W2 = 0.23 (± 0.07) × W2-W3 - 0.25 (± 0.14), and non-detections W1-
W2 = 0.31 (± 0.04) ×W2-W3 - 0.26 (± 0.06). This suggests that it may be harder to detect HI
gas in galaxies with higher W1-W2 colour, i.e. higher AGN activity.
There is no one clear definitive explanation for this result. A higher AGN gas accretion rate
in the host galaxy would correspond to a higher AGN feedback rate, which could ionise nearby
neutral gas at sufficient luminosities (Curran & Whiting, 2012). However, this is at odds with
the high HI detection rate made for the QSO IR type galaxies which have high W1-W2 colour.
We consider the other potential reasons below.
From figure 2 of Chandola & Saikia (2017), the extended sources in the Gere´b et al. (2015)
sample have higher magnitudes of W1-W2 for any particular value of W2-W3, compared to the
compact sources. This is consistent with the scenario of a larger covering factor for compact
radio sources, claimed to lead to higher detection rates (e.g. Section 1, and Curran et al., 2013a).
Additionally, Figure 3.9 of Pace & Salim (2016) shows a correlation between the W1-
W2 colour and the log of the specific radio luminosity (SRL; radio luminosity divided by the
galaxy’s stellar mass) for low-excitation radio galaxies (LERGs). Furthermore, Figure 3.3 and
figure 6 of Chandola & Saikia (2017) shows that the HI non-detections have higher specific star
formation rates (sSFR) than the HI detections, albeit only at 1σ significance.
Hence, the non-detections in the study by Gere´b et al. (2015) with higher W1-W2 mag-
nitudes may be LERGs depleted of gas, due to higher radio AGN activity, higher SFR, or a
combination (also see Section 5.5). Given the various possible explanations, a study of a larger
homogeneous sample is required to further explore both this result and these relations.
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Figure 3.8: WISE two-colour diagram for our sample, indicating where those found to have
X-ray emission lie. Unfilled points are those not covered by the XMM survey, red points those
searched but with no X-ray emission detections, green points are those with X-ray emission,
and blue points are sources with an indication of a high column density of hydrogen from their
XMM spectra (Figure 3.6).
3.5.1.4 Mid-infrared colours with X-ray emitting sources
Figure 3.8 shows the mid-infrared colours for our sample, where those found to be X-ray emit-
ting sources are indicated in green (with low hydrogen column densities) and blue points (with
hydrogen column densities of NH > 2 × 1021 cm−2; Section 4). One of the two X-ray emitting
sources in the QSO sector has a high column density of hydrogen (and a HI detection). The
other three sources with high hydrogen column densities are found at the lower ends of both
AGN gas accretion and star formation rates. These are low number statistics; however, like
with our radio observations, it appears that a range of extragalactic sources can be probed using
X-ray information in tracing the gas content within the host galaxy, despite different rates of
AGN feeding or star formation.
3.5.2 Detection rate of HI absorption
The findings (and detection rates) of other HI absorption surveys vary, due to differing source
selection methods of radio galaxies and hence different studied samples. For instance, there is
mounting evidence in the literature that the detection rate of HI absorption in compact ‘FR-0’
radio galaxies is higher than that of their older, extended FR-I/II counterparts (e.g. Pihlstro¨m
et al., 2003; Curran et al., 2013a; Gere´b et al., 2015; Aditya et al., 2016). Curran et al. proposed
that this is due to a higher covering factor for compact sources, although different levels of
sensitivity reached between surveys is another consideration. We compare our study on compact
72 CHAPTER 3. HI ABSORPTION IN NEARBY COMPACT RADIO GALAXIES
(a) Column density vs. flux density
(b) Flux density vs. redshift
Figure 3.9: A comparison of our HI absorption detections with those
of other surveys3. The top panel gives the normalised H I column den-
sity (1.823 × 1018 ∫ τobsdv) versus the rest-frame 1.4 GHz flux density.
The bottom gives the flux density against the redshift of the absorption
feature, with lines depicting constant radio luminosity and their change
with redshift (starting from 1023 W Hz−1, with each line to the right an
increase in order of magnitude). The red circles represent detections
from previous surveys, green squares those from the Gere´b et al. (2015)
study, and the blue diamonds our seven sources with detections.
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core radio galaxies with these other HI absorption surveys to see how our sample selection
compares with other studies.
3.5.3 Flux density of sources with associated HI absorption
Figure 3.9 plots integrated optical depth against rest-frame flux density, and the flux density
against the absorption feature redshift for existing HI absorption surveys. In the top panel, our
detections have comparatively higher HI column densities than other surveys. In the bottom
panel, lines of constant radio luminosity strengths, depicting the associated flux density change
with redshift, are overlaid, from luminosities of 1023 to 1028 W Hz−1. Our study probes a lower
range in radio luminosity (< 1025 W Hz−1 for most detected sources) than other samples. This
results in a potentially lower sensitivity to column densities of HI for our work, and explains
the comparatively higher column densities of our detections.
3.5.4 Disturbed gas kinematics in compact galaxies
Gere´b et al. (2015) had a flux-selected sample with a mixture of host galaxy types within their
sample of compact and extended radio sources. They found 32 detections in their sample of 101.
Their compact sources exhibited the broadest line features and were more often seen to have
asymmetric lines. Gere´b et al. (2014) suggest that this trend in compact sources is due to the
presence of unsettled gas, which is typically traced by asymmetric and redshifted/blueshifted
lines. These properties point to interactions between the AGN and the circumnuclear medium in
such compact galaxies - the feedback from the newly triggered AGN which is still propagating
through this medium would be the cause of the unsettled gas.
We find a similar trend in the line features; 5 of our 7 detections have a broad feature (where
vFWHM > 100 km s−1). Furthermore, an exception in J031552-190644, a source with only a
narrow feature, is a known FR-I galaxy with extended low-frequency radio emission.
3.5.5 Distinguishing AGN accretion
There exist two classes of radio galaxies; the low-excitation radio galaxies (LERGs) and high-
excitation radio galaxies (HERGs). LERGs lack AGN emission lines in their optical spectra,
and are believed to have inefficient accretion processes from the hot-gas halo. HERGs however
have efficient AGN accretion processes, and are found to have emission lines in their optical
spectra.
21-cm absorption preferentially traces the colder gas (Wagner et al., 2012). Chandola &
Saikia (2017) investigated the difference in the cold gas in LERGs and HERGs for the sample
studied in HI by Gere´b et al. (2015) of compact and extended radio sources. The LERGs yielded
a lower HI detection rate. The HI features that were detected had large velocity shifts to the
optical spectroscopic redshift (blueshifts of ∼ -300 km s−1) and broad profiles. This HI could
hence be within accreting circumnuclear gas instead of being within a gas-rich galaxy disc for
most of these LERGs. Meanwhile, Chandola & Saikia (2017) found that almost all HERGs in
the same sample also had high star formation rates. The three compact HERGs in the study (all
detected in HI) each had absorption profiles with small (< 100 km s−1) velocity shifts. In these
3References: Mirabel (1989); van Gorkom et al. (1989); Uson et al. (1991); Carilli et al. (1992, 1998); Mor-
ganti et al. (2001); Vermeulen et al. (2003); Orienti et al. (2006); Gupta et al. (2006); Emonts et al. (2010); Salter
et al. (2010); Curran & Whiting (2010); Chandola et al. (2011); Curran et al. (2011); Gere´b et al. (2015); Aditya
et al. (2016); Yan et al. (2016).
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Table 3.7: Optical spectroscopic identifications made by Mahony et al. (2011) for our sample
(see Table 3.2). Aa represents AGN absorption lines only, while Aae have both absorption
and emission lines - both fall into the low-excitation radio galaxy (LERG) population. High-
excitation radio galaxies (HERGs) are seen as Ae (with only emission lines) and AeB (broad
emission lines). 12 sources did not have sufficient information to identify any optical absorption
or emission lines. The standard error for each identification is given.
Type Sources HI detections Detection rate
Aa 25 3 12% ± 6%
Aae 18 1 6% ± 5%
LERG 43 4 9% ± 4%
Ae 10 3 30% ± 14%
AeB 1 0 0%
HERG 11 3 27% ± 13%
N/A 12 0 0%
cases, the HI was attributed to a gas and dust-rich ISM in the host galaxy. Another potential
source for the HI is a central dusty torus in HERGs.
Following this analysis, a similar examination can be applied to our sample. We consider the
optical spectroscopic information available for our sample in Table 3.7 (Mahony et al., 2011).
We find 25 with only absorption lines (Aa) and 18 with both absorption and emission lines
(Aae). We classify both sets as LERGs. 10 sources were found to only have emission lines
(Ae) and one with broad emission lines (AeB), with these considered to be HERGs. We have a
higher HI detection rate in HERGs, but the small-number statistics should be noted.
Of the 12 sources in our sample with no optical spectroscopic information, only one had
a WISE W1-W2 colour > 0.8, corresponding to a high AGN gas accretion rate (Section 5.1).
This source can hence be attributed to a HERG, and the remaining 11 sources to LERGs. As no
HI was detected in these 12 sources, if these assumptions are made the HI detection rates would
drop to 7% for LERGs and 25% for HERGs.
Four HI detections were made in LERGs. Three of the HI absorption features had broad
line widths (∆vFWHM > 100 km s−1) and shallow features significantly offset from the optical
spectroscopic redshift were found in LERGs. Our proposed explanations for the gas kinematics
for these sources (Allison et al., 2012a, 2013, and Section 3.2) include gas inflows/outflows
and gas rotating in a disc around the AGN. J060555-392905 is the only Aa source for which
the narrow absorption feature seen at the optical spectroscopic redshift is thought to be within
a galactic disc rather than in a dusty torus around the AGN. This source also has a high star
formation rate (W2-W3 > 2.5) unlike the other three sources. Therefore, most of our LERGs
detected in HI appear to have disturbed circumnuclear gas.
Furthermore, all of our HERGs (Ae sources) were found to have narrow deep absorption
features close to or at the optical spectroscopic redshift. Therefore, our observed absorption
features found within HERGs and LERGS appears to match the findings by Chandola & Saikia
(2017).
It has been demonstrated (Gere´b et al., 2015; Chandola & Saikia, 2017, and references
therein) that sources with higher radio luminosities are found to have more asymmetric HI
features at greater offsets. While most of our sources with HI detections have similar radio
luminosities (Figure 3.9), we note that the two sources with just narrow absorption features
near the optical spectroscopic redshift have relatively lower radio luminosities, and hence give
some support for this result. We note that it is easier to detect HI absorption features against
brighter radio galaxies, including shallow broad components with low optical depth typically
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offset from the spectroscopic redshift. This is seen in J181934-634548 (Figure 3.4), which has
the highest flux density of our sample at 1.4 GHz and has both deep and shallow HI components.
This factor hence may contribute to this finding.
3.6 Summary
We have searched for HI absorption associated with 66 compact, core-dominated sources se-
lected from the AT20G catalogue within the redshift range 0.04 < z < 0.096, with the aim
to examine cold gas in the youngest and most recently triggered radio AGN within our local
Universe.
We detect four associated absorption systems in addition to that by Allison et al. (2012a),
three of which were previously unknown. Two of these new absorption systems only exhibit
narrow deep components close to the optical spectroscopic redshift which we attribute to gas
within the galactic disc. The third contains broader, offset velocity components at a lower opti-
cal depth, which may represent disturbed gas close to the AGN. The fourth detection we make
is tentative, and of a rare weak, broad absorption feature with no associated narrow component.
This is the second such feature we find in our survey, with the other verified by Allison et al.
(2013). Our survey probed a source population with lower radio luminosities than many other
literature surveys, reflected in the flux densities of sources with HI detections (Figure 3.9).
We find that the absorbed X-ray sources, with high column densities of elemental hydrogen,
appear to correlate with galaxies with detectable amounts of HI gas in absorption. This con-
nection between X-ray absorption and HI absorption is currently being investigated at higher
redshifts using ASKAP (Moss et al., in prep). From the mid-infrared colour information, we
find a higher detection rate in objects that host a QSO-like source (those with higher AGN gas
accretion rates and a covering factor of f ≈ 1). This trend is also seen in Curran et al. (2016c).
The HI detection rate in our sample is higher for early-type host galaxies than the late-type
galaxies despite their generally higher star formation rates, suggesting we can probe different
gas kinematics in various host galaxies and may not be sensitive enough to detect sufficiently
lower column densities of HI in star-forming discs. Spectra with only narrow, deep absorption
features, which can be attributed to a galactic disc, are not found within the early IR type
galaxy sector of the WISE colour plot, while the broader components (∆vFWHM > 100 km
s−1) are within the early IR type host sector and thought to be attributed to e.g. AGN feedback
driving an outflow of gas. This shows that the mid-infrared colours can indicate the expected
distribution of HI for a given galaxy. We also find the sources with broader offset (by > 100 km
s−1) components to be LERGs, and those with narrow features near the optical spectroscopic
redshift in HERGs, in line with the result by Chandola & Saikia (2017).
We see mostly disturbed gas kinematics among our detections of HI absorption in compact
core radio galaxies, indicating that young or recently triggered AGN create outflows (jets) that
disrupt the interstellar medium within these galaxies. We see shallow, broad components occur
more often in early-type galaxies, as modelled in Curran et al. (2016b). Two of our detections
against such early-type galaxies lack any narrow and deep component [here and Allison et al.
(2013)], an attribute not seen in e.g. Gere´b et al. (2015). Hence, given the HI gas kinematics,
and combining with multi-wavelength information, we can better understand the dynamics of a
host system to a young AGN.
The upcoming ASKAP-FLASH survey will provide a significantly larger sample size to
any previous HI survey (an expected number of ∼1,000 new HI detections in the southern
sky in the redshift space 0.4 < z < 1.0, against ∼150,000 sightlines), and hence will offer a
greater wealth of information about the classes of radio objects with HI absorption systems.
The expected minimum flux density in which FLASH is expected to detect HI absorption is ∼
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50 mJy (Morganti et al., 2015); however, at greater redshifts than our sample (z > 0.1), such
sources will have a higher radio luminosity (above radio luminosity strengths of 1025 W Hz−1;
Figure 3.9). This means that FLASH will probe more high excitation (high luminosity) objects
than what we explored in our sample. Direct comparisons between results of this work and that
of FLASH will need to take this into consideration.
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CHAPTER
4
WISE data as a photometric redshift
indicator for radio AGN
The following chapter has been submitted as a paper titled “WISE data as a photometric redshift
indicator for radio AGN” to the journal Monthly Royal Notices of the Royal Astronomical Soci-
ety. It can also be found at http://arxiv.org/abs/1709.08634. The paper has been
reviewed by an anonymous referee and resubmitted to MNRAS after changes were made in ac-
cordance to their feedback. Minor typographical and grammatical changes have been made to
ensure consistency with the rest of the thesis. We also include two sub-sections (Sections 4.3.5.2
and 4.4.2) which were removed from the revised version of the paper, on suggestion of the ref-
eree.
We show that mid-infrared data from the WISE survey can be used as a robust photometric
redshift indicator for radio-loud AGN, in the absence of other spectroscopic or multi-band pho-
tometric information. Our work is motivated by a desire to extend the well-known K-z relation
for radio galaxies to the wavelength range covered by the all-sky WISE mid-infrared survey.
Using the LARGESS (Large Area Radio Galaxy Evolution Spectroscopic Survey) radio spec-
troscopic sample as a training set, and using mid-infrared colour information to classify radio
sources, we generate a set of redshift probability distributions for the hosts of high-excitation
and low-excitation radio AGN. We test the method using spectroscopic data from several other
radio AGN studies, and find good agreement between our WISE-based redshift estimates and
published spectroscopic redshifts out to z ∼ 1 for galaxies and z ∼ 3− 4 for radio-loud QSOs.
Our chosen method is also compared against other classification methods and shown to per-
form reliably. This technique is likely to be particularly useful in the analysis of upcoming
large-area radio surveys with SKA pathfinder telescopes, and our code is publicly available.
We also discuss two specific applications of our technique for current and upcoming radio sur-
veys; an interpretation of large scale HI absorption surveys, and a determination of whether
low-frequency peaked spectrum sources lie at high redshift.
4.1 Introduction
The field of astronomy is moving toward a new era of large radio surveys. These include
(but are not limited to) the Evolutionary Map of the Universe (EMU Norris et al., 2011) to
be conducted with the Australian Square Kilometre Pathfinder Telescope (ASKAP; Deboer
et al., 2009; Johnston et al., 2009; Schinckel et al., 2012), the Very Large Array (VLA) Sky
Survey (VLASS; Murphy et al., 2015), and the GaLactic and Extragalactic All-sky Murchison
Widefield Array (GLEAM Hurley-Walker et al., 2017). Most radio sources within such surveys
are expected to lie at high redshift (average redshift of z ∼ 0.8; Condon, 1984).
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Table 4.1: Examples of different photometric redshift estimators for galaxies and QSOs. Of
the listed studies, only those by Willott et al. (2003) and Burgess & Hunstead (2006b) specifi-
cally targeted radio AGN (though Donoso et al. (2009) studied a large sample of radio galaxies
selected from the Collister et al. (2007) MegaZ-LRG photometric redshift catalogue). The ?
symbol in column 4 indicates that the authors used targeted follow-up imaging to obtain photo-
metric redshifts for many of their objects. The other studies only used large-area public survey
catalogues. We show in this paper that WISE data can provide reliable photometric redshift
estimates for almost all bright radio galaxies out to redshifts as high z ∼ 1, across the whole
sky and without the need for any additional follow-up imaging.
Study z range Radio flux density Method Object type
Willott et al. (2003) 0.09–2.43 >0.5 Jy, 150 MHz K-band magnitudes? Radio galaxies
Burgess & Hunstead (2006b) 0.00–2.85 >4 Jy, 408 MHz Optical r-band magnitudes? Radio galaxies
Collister et al. (2007) 0.40–0.80 .. SDSS photometry Luminous Red Galaxies
DiPompeo et al. (2015) 0.30–5.50 .. SDSS and WISE photometry Optical QSOs
Bilicki et al. (2016) 0.00–0.50 .. SuperCOSMOS, WISE and GAMA Optical galaxies
This paper 0.00–1.00 >1 mJy, 1.4 GHz WISE photometry Radio galaxies
0.00–5.00 >1 mJy, 1.4 GHz WISE photometry Radio-loud QSOs
While there have been several large-area spectroscopic studies of the local radio population,
e.g. Best et al. (2005), Mauch & Sadler (2007) and Best & Heckman (2012), these are generally
too shallow to capture the full radio AGN population beyond the local Universe. In contrast,
deeper small-area fields such as the Cosmological Evolution Survey (COSMOS; Scoville et al.,
2007) can probe the faint radio AGN population over a wide range in redshift, but cover too
small an area of sky to contain significant numbers of the most luminous radio galaxies. Red-
shift information for large samples of radio source host galaxies expanding on e.g. a combined
GAMA/WiggleZ study (Pracy et al., 2016), spanning a wide range in both radio luminosity and
redshift, will be needed to extract full scientific value from the next generation of sensitive,
large-area radio surveys.
Photometric redshift estimators are therefore valuable tools for studying radio AGN, many
of which are hosted by distant galaxies without spectroscopic redshift information. Table 4.1
lists some of the optical and infrared photometric redshift estimators used in earlier studies.
The infrared K-z relation was one of the first and most widely-used redshift estimators for radio
AGN, using K-band photometry at 2.2 µm. Lilly & Longair (1982) found that radio sources in
the Third Cambridge Radio survey (3CR) form a well-defined Hubble relation in the K-band.
Eales et al. (1997) and Jarvis et al. (2001) extended the study to fainter radio sources, and
improved the relation for higher redshifts. This work was further extended by others (e.g. De
Breuck et al., 2002; Willott et al., 2003; Inskip et al., 2010). One limitation of the K-z method
for large-area radio surveys is that deep K-band observations are needed, and the existing all-sky
K-band survey, the Two Micron All-Sky Survey (2MASS; Skrutskie et al. (2006)) is generally
too shallow for this purpose. The southern VISTA Hemisphere Survey (VHS; McMahon et al.,
2013), currently in progress with a magnitude limit of Ks=18.1 mag, goes significantly deeper
than 2MASS, and should eventually provide K-z photometric redshift estimates for many radio
AGN out to z ∼ 1.
The release of the all-sky mid-infrared WISE catalogue (Wright et al., 2010) motivated us
to examine whether observations at slightly longer wavelengths than the K-band can also be
used to estimate the redshift of a radio source. A clear relation between the 3.4 µm WISE band
and redshift has already been observed for radio-bright (flux density > 0.5 Jy) AGN (Gu¨rkan
et al., 2014), and DiPompeo et al. (2015) demonstrated the value of using WISE information in
addition to SDSS optical photometry for QSO redshift estimates. Collier et al. (2014) also used
a correlation between mid-infrared flux density and redshift to identify candidate high-redshift
radio AGN based on their non-detection in deep Spitzer 3.6µm images.
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Table 4.2: The best-fit equations for W1 and W2 magnitudes versus redshift for the LERGs,
HERGs and QSOs in the LARGESS sample. The top half gives W1 and W2 in terms of redshift,
as done in Willott et al. (2003) and Gu¨rkan et al. (2014), and displayed in Figure 4.1. The
bottom half gives the same relations as redshift in terms of W1 or W2. Differences can be
seen across the different radio classifications. This provides a motivation to consider a redshift
estimation method which accounts for the probability of a radio source being a LERG, HERG
or QSO based on mid-infrared information.
Radio class Best fit relation (W1) Best fit relation (W2) Fitted range
LERG W1 = –0.68 (log10 z)2 + 1.82 log10 z + 15.74 W2 = –0.17 (log10 z)2 + 2.56 log10 z + 15.74 0 < z < 0.8
HERG W1 = –1.74 (log10 z)2 + 0.32 log10 z + 15.56 W2 = –1.08 (log10 z)2 + 1.26 log10 z + 15.24 0 < z < 0.8
QSO W1 = –0.15 (log10 z)2 + 2.41 log10 z + 15.19 W2 = 0.28 (log10 z)2 + 2.48 log10 z + 14.12 0 < z < 4
LERG log10 z = 1.34 - 0.74(46.13 - 2.72 W1)0.5 log10 z = 7.53 - 2.94(17.26 - 0.68 W1)0.5 11 < W1 < 15.5
HERG log10 z = 0.09 - 0.29(108.40 - 6.96 W1)0.5 log10 z = 0.58 - 0.46(67.42 - 4.32 W1)0.5 12 < W1 < 15.5
QSO log10 z = 8.03 - 3.33(14.92 - 0.60 W1)0.5 log10 z = –4.43 + 1.79(-9.66 + 1.12 W1)0.5 12 < W1 < 16.5
Since WISE goes deeper than other currently-available all-sky photometric surveys, we now
investigate the potential of WISE data to provide photometric redshifts for current and future
large-area radio surveys. Although not all radio sources will be detected in WISE, a non-
detection may still allow us to place a lower limit on the likely redshift.
In Section 2, we introduce the Large Area Radio Galaxy Evolution Spectroscopic Survey
(LARGESS; Ching et al., 2017) sample which we use as a training set for estimating the red-
shift of radio sources with WISE data. This method involves class identification of the host
radio galaxies and the calculation of the redshift probability distributions through a code we
make publicly available1. Section 3 examines the accuracy in estimating the redshift of the
radio galaxy through our code using only the WISE information, through blind tests on spectro-
scopic samples with known classifications and redshifts. In Section 4 we present the results of
two specific applications of the method; one using the SUMSS catalogue (Mauch et al., 2003)
to estimate the number and classes of radio sources that can be probed for associated HI ab-
sorption, and the other using the sample of Callingham et al. (2017) to examine whether radio
sources with low-frequency spectral peaks are good candidates for high-redshift radio galaxies.
4.2 Method
Recent studies have revealed evidence for two distinct populations of radio AGN (see Hard-
castle et al., 2007; Best & Heckman, 2012; Pracy et al., 2016, and references within). Clas-
sical radiative AGN have efficient cold-mode accretion processes and are hosted in e.g. high-
excitation radio galaxies (HERGs). These are typically associated with lower-mass galaxies
(M∗ ∼ 1010 – 1011 M⊙; Heckman & Best, 2014) and trace the evolution of star-forming galax-
ies. The radiatively inefficient mode of AGN, fuelled through the slow accretion of their hot
halo gas, are hosted within low-excitation radio galaxies (LERGs) that typically trace the mas-
sive (M∗ ∼ 1011 – 1012 M⊙) and passive elliptical galaxy population and are found in richer
environments than the HERGs. These two populations were found to have separate evolution
in luminosity and redshift (e.g. Pracy et al., 2016).
Given the existence of these two populations with different luminosity and redshift evolu-
tion, an ideal photometric redshift estimator would be built on a survey which a) characterises
radio galaxies in different radio classifications and addresses their separate redshift evolution,
and b) has sufficient redshift coverage.
The LARGESS sample (Ching et al., 2017) was used as the training set for this work.
LARGESS is a spectroscopic catalogue of radio sources designed to be representative of all
1https://github.com/marcinglowacki/wise_redshift_estimator
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(a) W1
(b) W2
Figure 4.1: WISE magnitudes (W1 and W2) versus redshift for radio sources identified with
low-excitation radio galaxies (LERGs), high-excitation radio galaxies (HERGs) and QSOs
within the LARGESS sample. W3 and W4 relations are given on the following page. Note
that here the LERGs and HERGs only extend up to z ∼ 0.8, while the QSOs go up to z ∼ 5.
The best fit equations to both all spectroscopically identified radio sources (solid line, made to
points labelled ’No flux cut’) and those with a flux density > 50 mJy (dashed line) are given in
each plot. This comparison was to examine if flux density cuts had a significant effect on fits.
Within the same class these fits are typically in good agreement, but differ significantly between
different radio classifications in redshift evolution due to their different gas accretion methods.
The clearest WISE-z relations with minimal flattening at higher redshift are seen for W1 and
W2.
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(c) W3
(d) W4
Figure 4.1: Continued. Relations for the W3 and W4 magnitude with redshift are given here.
Note that the y-axis range has changed from previous panels in this figure. These relations
are considerably flatter than those seen for W1 and W2, especially for the LERG population
which makes up the majority of the LARGESS sample and hence dominates fits and correlation
measures made for the total sample in W3 and W4. While the fits have not flattened for the
HERGs and QSOs, the spread in points has visually increased from those in W1 and W2, and
hence the fits are less reliable.
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Figure 4.2: Quadratic fits to the LARGESS sample and CENSORS data for W1 and W2 mag-
nitude versus redshift. We make two fits; one to the LERGs, HERGs and CENSORS points, and
the other to all of LARGESS and CENSORS - that is, including the QSO population (Table 4.4).
The CENSORS data extends the redshift range of fits made in Figure 4.1 for the LERGs and
HERGs, but it should be noted that redshift estimates are included here (de Zotti et al., 2010).
Table 4.3: Principal component analysis (PCA) of the four WISE bands with redshift listed
in order of significance (or decreasing eigenvalues, which sum to 5.0). Here we present the
PCA results for all spectroscopically identified sources (LERGs, HERGs and QSOs) within the
LARGESS sample. The first three principal components were considered significant here, with
the remaining two only amounting to 4.1% of the cumulative distribution (excluded from the
table). We find that the most important contributions to these components, which are in bold
font (those with the largest absolute value; here we assume absolute values greater than 0.5 to
be significant) are redshift, W1 and W2.
Eigenvalue Redshift W1 W2 W3 W4
2.91 −0.26 −0.51 −0.54 −0.45 −0.42
1.37 −0.64 −0.36 −0.13 0.47 0.48
0.51 −0.70 0.35 0.44 −0.12 −0.43
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Table 4.4: Best-fit equations for W1 and W2 magnitudes versus redshift as in Figure 4.2 for
the LARGESS and CENSORS surveys, and the same fits for redshift in terms of W1 or W2
magnitude. The LERG/HERG/CENSORS fits are for radio galaxies only, while the second
includes QSOs from the LARGESS sample. These QSOs give a stronger upturn. These fits give
a basic indicator of the mid-infrared-redshift relation.
Sources Best fit relation (W1) Best fit relation (W2) Fitted range
LERG/HERG/ W1 = –0.60 (log10 z)2 + 1.94 log10 z + 15.80 W2 = –0.27 (log10 z)2 + 2.37 log10 z + 15.66 0 < z < 1.6
CENSORS
LARGESS/ W1 = –0.90 (log10 z)2 + 1.40 log10 z + 15.57 W2 = –1.37 (log10 z)2 + 0.51 log10 z + 14.95 0 < z < 4
CENSORS
LERG/HERG/ log10 z = 1.62 - 0.83(41.68 - 2.40 W1)0.5 log10 z = 4.39 - 1.85(22.53 - 1.08 W1)0.5 11 < W1 < 15.5
CENSORS
LARGESS/ log10 z = 0.78 - 0.56(58.01 - 3.60 W1)0.5 log10 z = 0.19 - 0.36(82.19 - 5.48 W1)0.5 11 < W1 < 16.5
CENSORS
Figure 4.3: The fraction of sources with a WISE match within 3 arcsec of LARGESS sources
(Ching et al., 2017) with a redshift measurement and either a LERG or HERG classification
(left panel) or QSO classification (right panel) against redshift. The WISE cross-match fraction
is also given for the Combined EISNVSS Survey Of Radio Sources (CENSORS) survey in the
left panel (Brookes et al., 2008; de Zotti et al., 2010). The fraction is seen to steadily, albeit
slowly, decrease with redshift. Low number statistics is responsible for fluctuations seen in the
HERG/LERG population at z > 0.75, and the QSO population at z > 4.
the main radio AGN populations out to at least redshift z ∼ 0.8. It contains optical identifica-
tions for 19,179 radio sources from the 1.4 GHz Faint Images of the Radio Sky at Twenty-cm
(FIRST; Becker et al., 1995) survey down to an optical magnitude limit of imod < 20.5 in Sloan
Digital Sky Survey (SDSS; York et al., 2000) images, with no colour cuts.
Furthermore, a WISE two-colour plot (W1-W2 versus W2-W3) can separate sources with
different properties, e.g. those with recent star formation signatures (bright W3 magnitudes), or
the presence of circumnuclear dusty regions heated by AGN activity (W1-W2 > 0.8) or star-
formation (Lee et al., 2013; Cluver et al., 2014). This results in clear distinctions between the
LERGs (typically associated with passive elliptical galaxies), HERGs (associated with smaller
but higher star-forming galaxies hosting radiative AGN) and QSOs in WISE colour space (see
e.g. figure 15 of Ching et al., 2017). Mid-infrared colours are not helpful for determining the
redshift of the radio source, due to overlap in redshift evolution in mid-infrared colour space
(figure 1 of Blain et al., 2013).
LERGs comprise the majority (83%) of LARGESS radio sources at z < 0.8, with 12%
being HERGs and 5% radio-loud quasi-stellar objects (QSOs) which extend to higher redshifts
(z > 5). The comparatively large fraction of LERGs agrees with previous studies within the
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Figure 4.4: Comparison of the W1 magnitudes versus redshift between the LARGESS LERGs
and modelling of the expected redshift distribution of WISE sources done in figure 9b of Jarrett
et al. (2017), represented with green contours. We find good agreement with the trends which
suggests the slight upturn seen in many of the fits at high redshift (Figure 4.1) is real and not an
effect of low-number statistics at z > 0.7 for the LERG and HERG population (due to sensitivity
limits).
same redshift range (e.g. Best & Heckman, 2012). Reliable spectroscopic redshifts and WISE
data were cross-matched in Ching et al. (2017) for 9,294 sources in the sample (7,927 classified
as a LERG, HERG or QSO), with the reliability of the WISE cross-matching estimated to be
∼99%. Figure 4.1 and Table 4.2 give the WISE magnitude versus redshift relations for each of
the four bands.
4.2.1 Determining the best WISE indicator of redshift
The WISE survey has four observing bands: W1 (centred at 3.4 µm), W2 (4.6 µm), W3 (12 µm)
and W4 (22 µm). We first investigate which of these four WISE bands would provide the best
indicator of redshift. Given the already established K-z relation (2.2 µm), one could naively
expect this relationship to hold for the WISE bands closest to this wavelength. The higher
WISE bands are also less likely to provide a more robust relation with redshift than the bands
at shorter wavelengths. The W3 band traces heating of the ISM, while W4 is the least sensitive
band of WISE and mainly traces emission from warm dust (Jarrett et al., 2017). Nonetheless,
we first investigated whether the other bands would be worth consideration.
As a simplified initial test, we test for a linear relationship and examine the Pearson correla-
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tion coefficients (PCC) between WISE magnitude and redshift, a measure of the linear correla-
tion between two variables. Values of 1 (or -1) represent total positive (or negative) correlation,
and 0 no linear correlation. We find PCC of 0.56 and 0.36 between the spectroscopic redshift
and the W1 and W2 bands respectively for the LERGs, HERGs and QSOs in the LARGESS
sample. The correlation was consistent with 0 for the W3 and W4 bands with redshift (corre-
lation coefficients of -0.01 and 0.04). We note that this is dominated by the flatter relation seen
for LERG population compared to the HERGs and QSOs (Figure 4.1), as the LERGs make up
the majority of the LARGESS sample. This is also evident in Figure 4.1, where the W3 and W4
bands offer a far flatter relationship with redshift. In all bands, a good agreement is generally
found in the second order polynomial fits made between sources above 50 mJy in flux density
at 1.4 GHz and all sources in the sample.
We performed a principal component analysis (PCA) between the four WISE bands and
redshift to see which variables provide the strongest correlation with each other. Table 4.3
gives the principal components for the LERGs, HERGs and QSOs in LARGESS. We find that
while there is some correlation between redshift and all the WISE bands through PCA, the
strongest correlations are seen between the two shorter-wavelength WISE bands and redshift.
Considering this in combination to the different physics traced by the W3 and W4 bands, we
opted to use only W1 and W2 for our predictions of redshift. Redshift probability distributions
(see the following subsection) generated from the W3 and W4 bands are also broader and offer
less accuracy in redshift estimation. We believe this is partly due to the bands tracing different
physical processes than the K, W1 and W2 bands, and partly due to noise issues introduced by
the lower sensitivity of the W3 and W4 bands.
4.2.1.1 Choice of redshift estimation method
In order to compare between the three classes of radio AGN, we first make second-order poly-
nomial fits to each of the WISE bands for each class in Figure 4.1, as done by Willott et al.
(2003) (K-z relation) and Gu¨rkan et al. (2014) (W1 versus z). The best-fit equations are given
in the figure and Table 4.2. However, these other studies only considered the most luminous
radio-loud AGN (e.g. through the 3CRR and 7CE samples), while with LARGESS we see that,
within separate radio classifications, similar trends are found for all LARGESS sources, and
LARGESS sources with a 1.4 GHz flux density > 50 mJy. Furthermore, we see significantly
different best fits (Table 4.2) between the LERGs, HERGs and QSOs for each magnitude exam-
ined, especially at higher redshift. This highlights the differences in the host galaxies of these
populations, including in their redshift evolution (e.g. Best & Heckman, 2012; Simpson et al.,
2012; Best et al., 2014; Pracy et al., 2016), which hence demands we treat the populations sep-
arately. For comparison, we also make fits to all LERGs, HERGs and QSOs in LARGESS in
Figure 4.2 and give their relations in Table 4.4. These fits include higher-redshift radio galaxy
sources in CENSORS (Brookes et al., 2008; de Zotti et al., 2010) to extend the redshift fits for
radio galaxies. We stress that CENSORS data is not used in the radio classifications nor redshift
probability distribution calculation.
A slight upturn at higher redshift is seen for the fits in the LERG and HERG populations
for W1 and W2. This is believed to be a real effect of extragalactic WISE sources plateauing in
W1 magnitude with higher redshift (e.g. radio emission dominated by the host AGN rather than
the galaxy at higher redshifts) (see Figure 4.4 which compares LARGESS with modelling of
the redshift distribution of WISE sources by Jarrett et al., 2017, in figure 9b). Figure 4.3 shows
that this is solely due to sensitivity limits of the LARGESS sample. There is only a small but
steady decrease of the fraction of sources cross-matched with WISE with redshift. However,
this slight effect could still bias the fits at higher redshift, and hence reduce the accuracy of any
redshift estimation made through these fits.
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Given these concerns on the best-fit relations found, rather than just offering a single best-fit
equation, our method of redshift estimation takes advantage of the spectroscopic identifications
done by Ching et al. (2017) and calculates the probability of a radio source to be a LERG,
HERG and QSO. These probabilities are used to weight the redshift estimation made for each
class.
As an alternative to the best-fit equation approach, we make available our code which cre-
ates a redshift probability density function across the full redshift range probed by LARGESS
(see Section 2.3). By allowing for users to identify possible multiple peaks and observe the dis-
tribution widths, we offer more information on the potential redshift than a single number. This
code requires only the W1, W2 and W3 magnitude information (W3 used only for radio classi-
fication; see following section) to generate a redshift probability density distribution, and can be
found at https://github.com/marcinglowacki/wise_redshift_estimator.
4.2.2 Radio class identification
In determining the probability for a radio source to be LERG, HERG or QSO through the
WISE colour information, we use kernel density estimation (KDE). KDE is a non-parametric
and smooth way to estimate the probability density function of random variables. It calculates
the mean centre of input points and the distance for all points to this mean centre distributions.
We use the KDE distributions in WISE colour-colour space to calculate probabilities for the
input radio source to be a LERG, HERG or QSO (Figure 4.5). The red diamond and white
square represent WISE colour points of two hypothetical objects. For each radio class, the
probability of the object being said class is calculated depending on how far it lies from the
KDE distribution peak, relative to the other two classes. From the KDE results, the source
represented with the red diamond (Case 1) may be a LERG or HERG, but is unlikely to be a
QSO. The source corresponding to the white square (Case 2) is most likely a QSO. We weighted
each source based on on the redshift completeness, and incorporated it into the KDE calculation.
We note that the KDE method merely provides a probability to the object’s class, which is
influenced by outliers which occur within the LARGESS sample (e.g. AGN with unusual host
galaxies). Furthermore, some radio sources have WISE colour information which place them
away from any of these distributions, potentially due to unreliable measurements (e.g. sources
with upper limits for their WISE magnitudes). In these cases, we are unable to make a reliable
estimation of class, and so advise that the relations in Figure 4.2 and Table 4.4 be used for a
redshift prediction instead. We also advise users to take care of this method for radio galaxies
with unreliable WISE magnitude measurements.
As motivated by Pracy et al. (2016), we assigned weights to each source in the LARGESS
sample to account for a lack of completeness at higher redshifts for the LERG and HERG popu-
lation (see Figure 4.3). In the bottom panels of Figure 4.5 we give the WISE colour-colour plot
for the LARGESS sample with weighted points incorporated into the KDE analysis. In test-
ing on other spectroscopic sources (Section 4.3.1), we found better success in identifying the
spectroscopic radio classification, and in turn the redshift estimation. While we also attempted
weighting by optical and radio brightness in combination with redshift, this did not give better
results in radio classification. A larger training sample, particularly in the HERG and QSO pop-
ulation, with better completeness with redshift, would further improve our radio classification
and radio estimation methods.
The distributions seen for the LARGESS sample are a combination of the true underlying
distribution and measurement error. These errors would cause uncertainty in our redshift prob-
ability distribution, and possibly widen redshift confidence intervals. Deconvolution (e.g. the
‘extreme’ deconvolution - XDQSO - approach; DiPompeo et al., 2015) would assist to min-
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(a) Unweighted, no flux cut (c) Unweighted, minimum 1.4 GHz flux of 50 mJy.
(b) Weighted, no flux cut (d) Weighted, minimum 1.4 GHz flux of 50 mJy.
Figure 4.5: Distribution of WISE colours for the LARGESS sample. The red diamond and white
square in all panels represent the WISE colours for two test (hypothetical) radio sources with the
same W1 measurement of 16 mag, referred to in Figure 4.9 as Case 1 and Case 2 respectively.
As LERGs, HERGs and QSO sources have separate observed redshift evolutions, it is important
to gain an indication of the radio classification. These objects occupy different regions of the
WISE colour space. In a), we give the LERGs, HERGs and QSOs in the full sample. In b) we
give the weighted color-colour distribution, when accounting for completeness in redshift. In c)
and d) we impost a minimum 1.4 GHz flux density of 50 mJy on the unweighted and weighted
distribution respectively. A minor shift to lower W2-W3 magnitudes is seen for the LERG and
HERG populations, indicating less W3-bright galaxies remain in the sample from this limit. In
Case 1 (red diamond), the unknown radio source is likely to be either a LERG or HERG, rather
than a QSO. In Case 2 (white square), the source is likely to be a QSO.
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Figure 4.6: Fraction of the LARGESS sample above a given flux density. The sample is split
into LERGs, HERGs, QSOs and star forming (SF) galaxies. The SF population drops out
with increasing flux density far quicker than the other radio classes. The LERG and HERG
population fall out with flux density in a comparable manner down to ∼50% fractions.
imise this effect; however, the errors on the WISE magnitudes in this training set are small. On
average the error in WISE magnitude for the LARGESS sample is < 0.5% for W1 and W2, and
∼1.5% for W3. Therefore, uncertainties in the WISE magnitudes for the LARGESS sample
would adversely affect the radio galaxy classification through the W2-W3 colour, rather than
the redshift estimation directly (which uses W1 and W2 only).
4.2.2.1 Effect of flux density on radio class and redshift
We considered what effect limits placed on the radio flux density had on the WISE two-colour
distribution of the radio classes, and whether it would be viable to include flux density in the
redshift estimate.
We note that radio flux density cuts can slightly change the WISE colour distribution; that
is, the WISE colour and radio flux are correlated. The right panel of Figure 4.5 shows sources
brighter than 50 mJy at 1.4 GHz (from FIRST and NVSS). While the QSO population does
not change significantly, both the LERG and HERG populations shift to lower W2-W3 colours;
ergo, to less dust-obscured or W3-bright galaxies, or the elliptical galaxy sector of the WISE
colour diagram (figure 12 of Wright et al., 2010). This may be an effect of limiting to radio-
bright sources which are typically associated with massive elliptical galaxies. It should also
be noted that the source numbers are significantly lower here (670 objects compared to 7,927),
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Figure 4.7: 1.4 GHz flux density versus redshift for the LERGs (red circles) and HERGs (blue
squares). Black and green error bars give the 99% confidence interval for the LERGs and
HERGs respectively in redshift bins. We see good agreement of the median flux density for
each class across redshift. HERGs slightly trend towards higher flux densities with redshift but
cannot be easily distinguished from the LERG population through this information.
which hence affects the reliability of redshift estimation. Our method makes use of the full
LARGESS sample without flux cuts.
In Figure 4.6 we give the fractional distribution of flux density of LERGs, HERGs, QSOs
and star forming (SF) sources. We find similar fractions for the LERG and HERG population
up to a FIRST flux density of ∼10 mJy, or ∼50% fraction. While there is a deviation to higher
flux densities between the two populations, it is only evident for less than half the population of
the sample. In Figure 4.7, we compare the flux density of the LERGs and HERGs with redshift,
and give the median and 99% confidence interval for each population. Again, we see similar
distributions with redshift and only a slight trend in higher flux density for the HERGs with
redshift. We hence conclude that adding flux density information would not significantly aid
the KDE analysis of radio classification, nor the redshift estimate of a radio AGN.
4.2.3 Redshift probability density estimation
We calculated a probability distribution in redshift for both the W1 and W2 bands, based on the
LARGESS sample. In the case of the W1 magnitudes, for each class of radio AGN, we calculate
the redshift probability distribution for each LARGESS source in W1 through a linear normal
distribution fit (when appropriate; see Section 2.3.1 for cases with small number statistics).
We then marginalise these redshift distributions over the range of magnitudes weighted by the
observed W1 magnitude for each input source tested. The resulting distributions are weighted
by the probability of the class as determined by the WISE mid-infrared colour information (that
is, the chance for the object to be a LERG, HERG or QSO). For each source i, the redshift
distribution is hence
p(z)i =
∑
C
∑
W1
p(z|W1, C) · p(W1|C)i · P (C)i, (4.1)
where p(z|W1, C) is the redshift probability distribution for a given W1 value, marginalised
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(a) LERG
(b) HERG
(c) QSO
Figure 4.8: The distribution of the W1 WISE band with redshift for a hypothetical source,
given the three possible class identifications of LERG, HERG and QSO. Left panel: The W1
magnitude versus redshift. Blue points are those within the W1 error magnitude of 0.1 mag of
the test sources’ W1 magnitude of 16.0 mag. Middle panel: Histogram representation of the
blue points in the left panel. Right panel: The redshift probability distribution of the object,
assuming it is of that class (i.e. not weighted by class probability), given the full LARGESS
sample and weighted by the W1 magnitude. Note that in this example the distribution extends
beyond z = 1 despite the limit of z = 0.8 in LARGESS for LERGs and HERGs, by extrapolating
(Section 2.3.1). These probability distributions are also generated from the W2 magnitude
information.
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(a) p(z), Case 1, W1 (c) p(z), Case 2, W1
(b) p(z), Case 1, W2 (d) p(z), Case 2, W2
Figure 4.9: The redshift probability distribution for the example sources in Figure 4.5 and
4.8 for both W1 and W2 magnitudes (in Figure 4.5, the radio source represented by the red
diamond is Case 1, and white square Case 2). For Case 1, the higher likelihood of the object
being a LERG or HERG rather than a QSO results in these two classes dominating the total
probability curve. The class redshift probability densities (as seen in Figure 4.5) are weighted by
the probability determined from the WISE colour information. The distributions for Case 2 show
that the calculated probability of ∼81% chance to be QSO from its WISE colour information
dominates the resulting redshift probability distribution. There is good agreement between the
two WISE bands.
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over the probability of the given class P (C)i. This is weighted by the observed W1 magnitude
for the input source
p(W1|C)i = exp(−(W1val −W1mean)
2
2 ·W12std
), (4.2)
where W1mean is the mean W1 magnitude, W1std the standard error in W1 for the source i,
and W1val the W1 value taken from the LARGESS sample. The same process is repeated for
the W2 magnitudes.
Fig 4.8 gives the probability distributions calculated for individual classes for W1 for the
same example sources as in Figure 4.5, both with a W1 value of 16.0 mag and error of 0.1 mag.
The left panel gives the W1 versus redshift relation for the LARGESS sample, with blue points
falling within the range stated. The middle panel gives a histogram of these points for an input
W1. W1 and W2 magnitudes fainter than 15.5 mag or brighter than 11 mag for all classes also
fall in source numbers, and hence struggle to generate a proper redshift distribution for input
objects with these WISE magnitudes. See the following subsection for details on extrapolation
to account for these cases.
The three probability distributions are then multiplied by the class probabilities (Section 2.2)
and marginalised to a final distribution (Figure 4.9). Left panels are for Case 1 (red point in Fig-
ure 4.5), and right panels for Case 2 (white point). Outputted information includes the median
and the 68.26%, 95.45% and 99.73% intervals (here-on written as 68%/95%/99.7% intervals)
of redshift for the source for both probability distributions. Calculation of the probabilities of
the source having a redshift lower, higher and between values set by the user is also performed.
Queries can be done for both individual or multiple objects through our code. Plots as seen
in Figure 4.5 and 4.9 are optionally provided; these are more manageable for the user to consider
for small sample sizes. Flux limits can also be placed on the LARGESS sample with the WISE
colour determination step.
4.2.3.1 Extrapolating for extreme W1 magnitudes
As noted above, the LERG and HERG populations in the training set are limited in redshift due
to the I-band magnitude sensitivity limit of the LARGESS survey, with a clear upper limit of
z ∼ 0.8 at W1 magnitudes fainter than 14 mag. Furthermore, the source counts in LARGESS
drop off at W1 and W2 < 11 mag, meaning mid-infrared bright sources are unlikely to have a
redshift distribution successfully generated.
Given the visible trends in Figure 4.1 and Figure 4.8, it is fair to assume that objects with
bright W1 or W2 magnitudes are likely to have redshifts of z < 0.1, and those with WISE
magnitudes fainter than 16 mag will have redshifts approaching and exceeding z = 1, even for
those assumed to be a HERG or LERG rather than a QSO. This is consistent with the deep
source count modelling of the WISE extragalactic population in the GAMA G12 field (see
figure 8 in Jarrett et al., 2017). In our method we extrapolate to faint WISE magnitudes and
approximate the true distribution to higher redshifts for these populations.
We assume that the relationships between redshift and WISE magnitude for the first two
WISE bands (as well as the spread) in the well-sampled regions (11 < W1 < 15.5 for LERGs,
and 13 < W1 < 15.5 for HERGs) are consistent and hold to higher redshift (Figure 4.1). The
trends are used to generate the redshift probability distribution for bright or faint WISE magni-
tudes. The remaining application of the method remains the same. Section 3.2.1 compares the
accuracy and success in generating a redshift distribution when we extend to a larger redshift
range to when we do not extrapolate.
In the following section, we consider the accuracy of our method on different surveys with
optical spectroscopic information, and examine how the method performs across different red-
shift ranges.
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Table 4.5: Spectroscopic surveys in which we compare the available redshift information for
these sources with our predictions. Size is the number of sources in the sample; not all sources
had a good cross-match with WISE with good quality measurements. We compare the CEN-
SORS survey with redshift predictions for the SUMSS survey in Section 4.4.1.
Sample Size Redshift range Section
AT20G 2,236 0.00 < z < 4.63 3.2, 3.3
Best & Heckman 9,136 0.01 < z < 0.30 3.2, 3.3
Gurkan et al. 2014 265 0.00 < z < 3.40 3.3
SDSS-DR12 Quasar 2,761 0.04 < z < 5.25 3.3
CENSORS 150 0.02 < z < 3.43 3.4
4.3 Method verification
4.3.1 Test Samples
To verify the accuracy of our redshift estimator algorithms, we conducted blind tests of our
code on separate samples with known spectroscopic redshift information. The test samples are
as follows (and summarised in Table 4.5):
• AT20G sample: A sample of 2,236 radio sources (Sadler et al., 2014) selected from
Australian Telescope 20 GHz (AT20G) sources followed up with optical spectroscopy
(Mahony et al., 2011). Some spectral information is included from the 6dF Galaxy Survey
(Jones et al., 2009). The AT20G sources were primarily classified as QSOs (54%, making
up 40.9% of the combined AT20G and 6dF sample), while the 6dF sources were primarily
LERGs (33.5% of the combined sample) and some HERGs (5.66%). The remaining
sources were classified as either star-forming or just as galaxies, and so for these sources
only the accuracy of the redshift prediction was examined. These sources have a redshift
range of 0 < z < 4.63.
• Best & Heckman sample: The main sample of 9,136 radio AGN studied by Best &
Heckman (2012) constructed through combining SDSS with FIRST. These included 6,047
LERGs and 216 HERGs, with the remaining sources not spectroscopically identified
as either source in the study. This sample was at relatively lower redshifts, spanning
0.01 < z < 0.3.
• Gurkan et al. 2014 sample Radio galaxies within the Two Jansky (2Jy; Wall & Peacock,
1985; Tadhunter et al., 1993), Third Cambridge Radio (3CR; Bennett, 1962; Laing et al.,
1983), Sixth Cambridge (6CE; Baldwin et al., 1985; Eales, 1985; Eales et al., 1997)
and Seventh Cambridge (7CE; Visser et al., 1995; Willott et al., 2003) survey samples
were cross-matched with WISE by Gu¨rkan et al. (2014). While this study also split the
sample into LERGs, HERGs and QSO, we only had access to their cross-matched WISE
magnitudes and redshift information. In considering the sources without missing errors
or upper limits in the W1, W2 and W3 magnitudes we have a sample of 264, spanning
the redshift range of 0.00 < z < 3.40.
• SDSS-DR12 Quasar sample: FIRST radio sources cross-matched with the SDSS-DR12
quasar catalogue (Paˆris et al., 2017). This provided a sample of 2,761 visually inspected
QSOs with spectroscopic redshifts with sufficient WISE magnitudes for our code. These
sources were found in the redshift range 0.04 < z < 5.25.
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Table 4.6: Radio classification success rates for the blind tests of the Best & Heckman (2012)
sample and the AT20G sample, both which had spectroscopic identifications for LERGs and
HERGs (QSOs only in the latter sample). Overall the accuracy of the classification system is
high. HERGs are the least successful to be classified, which is attributed in part to the smaller
population of HERGs within the LARGESS training set, and its overlap in WISE colour space
with LERGs and QSOs (Figure 4.5).
Sample LERG HERG QSO Total
Best & Heckman sample 95.1% 51.9% - 90.2%
AT20G sample 94.6% 48.3% 89.0% 88.5%
• CENSORS sample: The Combined EIS-NVSS Survey Of Radio Sources (CENSORS;
Brookes et al., 2006, 2008; Rigby et al., 2011) is a 1.4 GHz radio survey selected from the
NRAO VLA Sky Survey (NVSS; Condon et al., 1998), which is complete to 7.2 mJy and
overlaps with the ESO Imaging Survey (EIS). This sample and its redshift distribution
given in de Zotti et al. (2010) is compared with redshift predictions made for the Sydney
University Molonglo Sky Survey (SUMSS; Mauch et al., 2003) in Section 3.4.
Each catalogue had their radio position cross-matched with WISE, although this was done
already within the publicly available SDSS-DR12 quasar sample. We applied the same restric-
tions on quality and cross-match radius with this sample. Two cuts were placed on each sample
following this cross-match. The first was placed on the separation distance between the radio
and WISE source. An upper limit of 2.5 arcsec was placed, in order to ensure higher quality
results at the cost of completeness (see Section 3.4).
The second cut was applied to sources with poor quality WISE magnitudes from the WISE
catalogue. This aligns with that used for the LARGESS sample, which required a signal-to-
noise ratio of at least 2 for all sources with WISE counterparts (Ching et al., 2017). Sources
with lower quality W1, W2 and/or W3 measurements typically have a lower success rate for our
redshift prediction (e.g. for the AT20G sample, success rates to contain the known spectroscopic
redshift within the 68% confidence interval were 60.1% versus 61.9% and 66.2% versus 67.7%,
for W1 and W2 respectively). We hence emphasise the need to consider the quality of the WISE
information of input objects, as low-quality or upper limit values on the magnitudes affect both
the ability to accurately classify objects by their WISE colours and hence quantify their likely
redshifts. Radio sources with upper limits in their W1 or W2 bands are also likely to have their
redshift underestimated. For these sources a lower redshift limit can be calculated through the
code or using the best fit equations in Table 4.2 and 4.4.
4.3.2 Mid-infrared radio class identification
In Table 4.6 we give the success rates for the radio classification by WISE colour for the Best
& Heckman and AT20G test samples. Overall our classifications made to these samples were
accurate in identifying the most likely class. In the latter sample, the results assume uncertain
spectral classifications to be correct (for example, objects in the AT20G sample thought to only
have absorption lines in their optical spectra with some uncertainty, indicated by the classifica-
tion of ‘Aa?’, were assumed to be correct and hence to be a LERG). We also ignored sources
with different classifications to those of HERG/LERG/QSO, given the spread in colour space
for e.g. star-forming (SF) galaxies in the AT20G sample. Figure 4.10 shows the accuracy of
the match with the probability of the source identification for the AT20G test sample. Sources
spectroscopically identified as HERGs had the lowest classification accuracy, attributed to the
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Table 4.7: Redshift estimation success rates for the four test samples. The spectroscopically
determined redshift was compared to the 68%, 95% and 99.7% redshift confidence intervals
generated through our method. If generated distributions were good representations of the true
distribution, similar percentages would be seen for each confidence interval (e.g. 68% success
rates for the 68% CI).
WISE magnitude 68% 95% 99.7%
Best & Heckman
W1 76.6% 97.7% 99.9%
W2 81.3% 99.1% 99.9%
AT20G
W1 60.8% 88.0% 97.2%
W2 67.3% 90.5% 98.1%
Gurkan et al. 2014
W1 68.6% 89.0% 95.5%
W2 70.1% 89.4% 96.2%
SDSS-DR12 quasar
W1 52.0% 85.1% 96.5%
W2 51.5% 85.7% 96.5%
Figure 4.10: Fraction of correct matches of the spectroscopic class identification for the sample
selected from Sadler et al. (2014), with probability of the source being a LERG (left panel),
HERG (middle panel) and QSO (right panel). The fraction of successful matches is worst for
the HERGs, which is attributed to the overlap of the HERG population in the LARGESS sample
with LERGs and QSOs (Figure 4.5) and the lower number of HERGs within the training set.
No sources within this test sample were identified to be a HERG with over 85% probability.
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Figure 4.11: Comparison of the WISE photometric redshift estimate with the spectroscopic
redshift of the sample studied in Gu¨rkan et al. (2014). 68% confidence intervals are plotted for
the W1 redshift estimate and split into the radio classification made through the WISE colour
information. Thick black errorbars give the average 68% confidence interval estimation for all
tested objects in redshift bins. The method has good agreement (compare with the diagonal 1:1
line) until z > 1, where underestimates of the redshift occur more often. This is attributed to the
redshift range of the LERGs and HERGs in the LARGESS training set.
Table 4.8: The average median and confidence interval range of redshift probability distribu-
tions generated for the AT20G test sample. The redshift probability distributions created from
the W2 magnitude tended to be wider and give lower median redshifts than those generated
from the W1 magnitude. Overall redshift predictions from W1 and W2 had good agreement.
This trend is seen in other test samples (see also Table 4.7).
Class W1 W2
Median 68% 95% 99.7% Median 68% 95% 99.7%
All 0.33 0.15 - 0.70 0.06 - 1.08 0.01 - 1.52 0.32 0.13 - 0.71 0.04 - 1.12 0.00 - 1.67
LERG 0.08 0.05 - 0.10 0.03 - 0.15 0.01 - 0.26 0.08 0.05 - 0.12 0.02 - 0.20 0.00 - 0.37
HERG 0.25 0.14 - 0.53 0.06 - 1.00 0.01 - 1.47 0.24 0.13 - 0.61 0.06 - 1.19 0.01 - 2.04
QSO 0.60 0.24 - 1.32 0.08 - 1.98 0.00 - 2.68 0.58 0.19 - 1.30 0.06 - 1.94 0.00 - 2.68
overlap in WISE colour-colour space with both LERGs and QSOs (see Figure 4.5) and the
smaller population of HERGs within the LARGESS training set.
For the SDSS-DR12 quasar sample which did not give radio classification information,
our program determined that 61.7% of the sources were most likely a QSO from their WISE
information. The remainder were most likely HERGs, which is expected given the overlap of
these two classes in WISE colour space (Figure 4.5) and their similarities. Only four objects of
the 2,761 sources were most likely a LERG.
4.3.3 Redshift estimates
To determine whether the redshift probability distributions are a good representation of the true
distribution, we compare where the spectroscopic redshift of each tested source falls into the
68-95-99.7% confidence intervals about the median of the redshift probability distributions. If
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the distribution is a good representation, we expect e.g. 68% of the spectroscopic redshift mea-
surements to fall within the 68% confidence interval of the median redshift value, and 32%
to fall outside (that is, lower or higher redshift values than the redshift range the confidence
interval spans). For the test samples, we calculate the success rates (i.e. the rate of the spectro-
scopic redshift falling within the confidence interval) for both redshift probability distributions
generated through the W1 and W2 bands, which are given in Table 4.7.
For the SDSS-DR12 QSO sample, the mis-classification of some objects HERGs rather than
QSOs does affect the accuracy of our redshift probability distributions within the 68% and 95%
confidence interval relative to the other test samples. This is seen in the significantly lower
success rates for these confidence intervals. Another significant factor contributing to this is
the redshift range of the sample. The SDSS-DR12 quasar sample extends to higher redshifts,
while our method begins to fail at z ∼ 2 (see Section 4.3.4). However, comparable success rates
are seen for the 99.7% confidence intervals. Overall the high agreement between the redshift
probability distribution and the spectroscopic redshift for the AT20G, Best & Heckman and
Gurkan et al. samples gives support to the method we employed. The Best & Heckman sample
has the highest success rates which is attributed to the low redshift range of the sample (z > 0.3).
Another discrepancy may be due to differences in the training sets to these tested samples, one
of which did not offer a LERG or HERG classification to test against (SDSS-DR12 quasar
sample).
In Figure 4.11 we compare the 68% redshift confidence interval estimates with the spec-
troscopic redshift. There is good agreement with the estimated and spectroscopic redshift,
with a trend towards underestimating the redshift evident at redshifts z > 1 as suggested by
the average binned values (thick black errorbars). For instance, a linear fit to Figure 4.11
for QSOs with spectroscopic redshifts z ≤ 1 gives zest = 0.55 zspec + 0.08, and for all QSOs
zest = 0.48 zspec + 0.14; the lower slope indicates lower redshift estimates for higher redshift
sources (see also Section 4.3.4). This is seen for the LERGs and HERGs, and attributed to the
LARGESS training set whose LERG and HERG population is limited beyond z > 0.8.
The use of extrapolation from the well sampled WISE-redshift space of the LARGESS
sample (Section 2.3.1) resulted in a greater ability to generate a probability distribution for
sources with faint (W1 > 15 mag) or bright (W1 < 11 mag) WISE magnitudes. For the AT20G
sample, out of 1,960 sources with good quality WISE information, without extrapolation, only
1,710 and 1,706 sources had a probability distribution in redshift created for the W1 and W2
bands respectively (∼87%), and with extrapolation probability distributions were generated for
1,941 and 1,937 sources (∼99%). Similar values were seen for the success rates; while they are
at worst a few percent lower overall for the 68% interval, they are on par for the 95% and better
for the 99.7% intervals.
While there is the caveat of the trend being assumed to hold for faint or bright WISE mag-
nitudes in our extrapolation, a reasonable approximation can still be obtained for these sources.
Sources for which the method failed still had very faint or bright WISE magnitudes, and so
these can be assumed to be at either higher or very low redshift respectively.
4.3.3.1 Agreement between W1 and W2 bands
The redshift results from the W1 and W2 bands are consistent with each other. For the AT20G
sample, the average median redshifts for the W1 and W2 bands are both z = 0.35 (see Table 4.8
for a full comparison). For the SDSS-DR12 quasar sample, the average median redshift for the
W1 band is z = 0.90, with average 68% redshift confidence intervals of 0.44 < z < 1.76. We
see a lower average median redshift for the W2 band (z = 0.81), and a 68% redshift range of
0.36 < z < 1.73 respectively.
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Figure 4.12: Histograms of the separation between input positions and a WISE match for
sources within the SUMSS survey (real) and randomly generated fake positions. An overlap of
the two histograms at 7 arcseconds indicates at higher search radii you are less likely to find a
real WISE association with a radio source.
The redshift probability distributions tend to be slightly wider for those generated from the
W2 information than for W1. Objects found most likely to be LERGs have narrower possible
redshift range due to the population within the LARGESS training set, and owing to the redshift
relation span for QSOs, objects identified as such have the widest possible redshift ranges.
4.3.4 Comparison of redshift distribution for SUMSS with CENSORS
To compare with existing deep surveys with known spectroscopic redshifts and examine whether
our redshift estimation method can reproduce observations of radio galaxies, we cross-matched
the SUMSS catalogue with WISE. We first considered at what radius to conduct any cross-
match with WISE. Figure 4.12 shows the number of detections with separation for both the
SUMSS sample and a ‘fake’ sample constructed with random positions (uniformly distributed).
The crossover at 7 arcsec suggests that you are less likely to find a real association with a radio
source at higher separation distances. We opted for a cross-match upper limit of 2.5 arcsec,
to ensure a higher reliability (87% at 2.5 arcsec compared to 72% at 7.0 arcsec) at the cost of
completeness (28% versus 79%). Like with the LARGESS sample, we also required a signal-
to-noise ratio of at least two in the W1, W2 and W3 WISE bands. In total we had 15,043
sources.
We compare our redshift probability distributions for SUMSS with that of the Combined
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Figure 4.13: Comparison of the median redshift of each probability redshift distribution for
SUMSS sources with a flux density S843MHz > 10 mJy with WISE data for both the W1 and
W2 bands (left and right panels respectively), with redshifts from the CENSORS survey (black
unfilled histogram; Brookes et al., 2008). There is reasonable agreement up to z ∼ 2, where
the median fails to replicate the high redshift population found in CENSORS. However, the
average of the 95% and 99.97% confidence intervals for our redshift probability distributions
extend beyond z = 2. SUMSS sources with unreliable cross-matches and/or poor quality WISE
measurements are not included; such sources are infrared faint and likely to also lie at higher
redshifts.
EIS-NVSS Survey Of Radio Sources (CENSORS; Brookes et al., 2008), a 1.4 GHz radio sur-
vey for a 6-degree field to a flux density of 7.2 mJy. In figure 11 of de Zotti et al. (2010) a
redshift distribution for CENSORS sources brighter than 10 mJy is compared to redshift dis-
tribution models for radio sources. Figure 4.13 gives the distribution of median redshifts for
each probability redshift density function for sources with a flux density of 10 mJy or brighter
in SUMSS (0.843 GHz).
Up to redshift of z ∼ 2 there is good agreement with our distributions and that of CENSORS
sources brighter than 10 mJy at 1.4 GHz. We conduct a Kolmogorov-Smirnov test between the
two distributions, which is a non-parametric test comparing the distance between the empirical
distribution functions of two samples. For z < 2, we obtain a K-S statistic of 0.098, or p-value
of 0.4, confirming our method matches well with the CENSORS survey up to this redshift limit.
However, beyond z > 1 we are likely instead to underestimate the redshift, which is attributed to
the LARGESS training set dominated at z < 1. This hence lowers the confidence in comparing
at redshift 1 < z < 2. This is also seen in Figure 4.11.
It is noted that our SUMSS distributions include a peak at z = 0 while CENSORS does
not. This is attributed to the CENSORS field being too small (6-deg2) to contain a large pop-
ulation of bright and local/nearby sources. It is also possible that the LARGESS sample has a
higher population of low-redshift radio sources, or that we are biasing towards LERGs in radio
classification. Alternatively, a number of sources are neither HERG, LERG or QSO but rather
a local star-forming population we cannot distinguish through WISE colours from the other
populations (as identified in figure 15 of Ching et al. (2017)).
Few sources are predicted through our code to have a median redshift greater than z = 2.0
like that seen in the CENSORS survey, but the average of the 95% and 99.7% confidence in-
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Table 4.9: Radio classification success rates for the tests using the Best & Heckman (2012)
sample and the AT20G sample, based on using the machine learning approach described in
Section 4.3.5. Compare to Table 4.6 in which the classifications were done through KDE. While
the LERG and QSO identification success rates are consistently slightly higher, the HERG iden-
tification success rate is significantly lower for the Best & Heckman sample.
Sample LERG HERG QSO Total
Best & Heckman sample 97.6% 30.0% - 94.1%
AT20G sample 97.8% 50.9% 90.4% 90.7%
tervals extends to higher redshifts. When considering the full distributions the K-S two sample
statistic is 0.157, giving a corresponding p-value of 0.02. It should be noted that the median red-
shift is merely an indicator and not the most likely redshift value. Another consideration is that
we filtered out unreliable WISE magnitudes; that is, filtered out lower signal-to-noise sources
which often have fainter or upper limits in their magnitudes, which by the WISE magnitude-
z relation would suggest higher redshift sources being filtered out (e.g. infrared-faint radio
sources; Collier et al., 2014).
4.3.5 Comparison with other possible methods
We tested other methods for both the radio class classification and the redshift probability esti-
mation.
4.3.5.1 Classification using machine learning
To assess the reliability of the adopted classification method described in Section 4.2.2, we com-
pare the classification outcomes with an alternative approach using machine learning. Specif-
ically, we adopt the linear discriminant analysis (LDA) algorithm as implemented in SCIKIT-
LEARN (Pedregosa et al., 2011). This method uses supervised classification on a training set (in
this case Ching et al., 2017) to find axes which maximise the separation between any number
of given classes across N -dimensions, the results of which can then be applied to new data to
offer probabilistic classification of each class.
In our definition of the LDA classification, we use the W1/W2/W3 magnitudes, as well as
the W1-W2 and W2-W3 colours. The classification success rates through LDA are provided
in Table 4.9, while those made through the kernel density estimation (KDE) method are in
Table 4.6. When applied to the AT20G sample, an overall classification success rate of 91%
was obtained for the spectroscopically identified radio galaxies (versus 87% through KDE).
Minor improvements were made for the LERG and QSO objects, and equal rates found for the
HERGs. For the Best & Heckman sample, the overall classification success rate through LDA
was 94% (versus 89%), but significantly worse for the HERG population (30% versus 61%).
This sample had only a low number of HERGs, so the overall success rate reflects the higher
success rate in classifying the LERG population.
We examine what radio classifications are made for the SDSS-DR12 quasar sample. Here
the LDA method predicts a higher percentage of QSOs than the KDE method for this quasar
sample (2,412, or 87% compared to only a radio QSO population of 62% predicted through
KDE). We also see that the LDA method predicted 200 sources to be most likely a LERG
(compared to the KDE method employed on the WISE colours which predicted only 4 objects
to be LERGs). The LDA method does better in classifying quasars correctly for this sample.
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Table 4.10: Redshift estimation success rates for the three test samples following radio clas-
sification via the LDA method. Compare to Table 4.7 in which the classifications were done
through KDE. Similar success rates as used in Table 4.7 are seen throughout.
WISE magnitude 68% 95% 99.7%
Best & Heckman
W1 71.8% 96.7% 99.8%
W2 78.3% 99.0% 99.9%
AT20G
W1 64.4% 91.4% 98.5%
W2 70.2% 93.4% 98.8%
Gurkan et al. 2014
W1 65.6% 87.1% 94.5%
W2 65.8% 88.7% 95.7%
SDSS-DR12 quasar
W1 55.6% 84.8% 95.1%
W2 54.8% 85.2% 95.7%
As evident from the Best & Heckman sample results, the machine learning approach pref-
erentially picked sources to be LERGs rather than HERGs. The average likelihood for any of
the sources in the AT20G sample to be a LERG was ∼43% with the LDA method, compared
to ∼37% for the KDE method; for HERGs the average likelihood was ∼24% versus ∼29%.
The discrepancy in the HERGs may be partly due to the overlap in colour space with the other
classes, and in addition the similarity in W1 magnitudes between HERGs and LERGs within
LARGESS. When considering the mid-infrared colour information alone, we found the LDA
approach was correspondingly less likely to classify sources as HERGs. In comparison, the
KDE method is only applied to WISE colour space without incorporating magnitude informa-
tion, and, by considering the distance in colour space to the peak of the HERG distribution,
appears to better take into account the overlap between the three populations.
Redshift probability distributions derived from both methods were ultimately found to have
good agreement. Similar results were found in all the samples for the confidence intervals tested
(Table 4.10), even when using both the LDA and KDE methods together. The exception is that
higher success rates were found for the 68% and 95% confidence intervals for the SDSS-DR12
quasar sample of a few percent. This can likely be attributed to wider average ranges of redshift
for the probability density functions using the machine learning method. For example, the 68%
confidence interval for the KDE method gave an average redshift range of z = 1.31 and 1.37 in
W1 and W2 respectively, and z = 1.41 and 1.50 for the LDA approach. This means the redshift
probability distributions generated from LDA classifications are wider. The increase in redshift
range from the LDA approach is hence possibly due to the higher identification rate of objects
to be QSOs through that method than LERGs or HERGs, which span a larger redshift range in
our training sample from LARGESS (Figure 4.1).
The general agreement of the redshift estimates between the two methods indicates that
classifying the radio galaxies prior to making a redshift estimation is a sound approach to take,
and that both the KDE method and LDA machine learning approach offer similar accuracies in
the initial classification stage.
4.3.5.2 kth nearest neighbour
We also considered a kth nearest neighbour approach for redshift estimation, where we took
the redshifts of ten LARGESS objects for each class closest in W1 and W2 magnitude to an
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input source and calculated the mean and standard deviation. While this method still produces
a redshift estimate for faint and bright W1 or W2 magnitudes, these estimates are made for
the extreme sources in the sample only which are limited in redshift, and hence will suffer in
accuracy.
The kth nearest neighbour method we considered for the test sample constructed from
AT20G only had 65.3% and 58.8% success rates (for W1 and W2 respectively) for the spectro-
scopic redshift to fall within the standard deviation of the mean of the 10th nearest neighbour.
While this is not far from the values we calculated for the 68% confidence intervals (Table 4.7),
it fails to account for the full possible redshift space for the source. This is only provided by
constructing a redshift probability distribution which already weighs by the chance of each ra-
dio classification. Furthermore, the kth nearest neighbour method is less accurate in estimating
the redshift for sources with very faint or bright W1 magnitudes, where there is a cut-off in
sources within the LARGESS sample to use in the estimate without any use of extrapolation,
which we adopted for our chosen method.
4.4 Predictions
Here we now consider two potential applications of our code to make predictions. The first
explores the percentage of radio sources we can expect to see within the redshift range where
associated HI absorption can be detected by the FLASH survey, and what class of radio AGN
these fall into. In the second case, we examine whether low-frequency peaked spectrum sources,
potentially young or recently re-triggered radio AGN, are likely to be found at high redshift.
4.4.1 Predictions for FLASH
Surveys for neutral hydrogen (HI) absorption can inform us on the evolution of the cold gas
with redshift that fuels the accretion of AGN, as well as how it is impacted by AGN feed-
back. Examples of large upcoming HI absorption surveys that will address this topic, where
HI gas is detected towards sufficiently bright background radio sources through the 21 cm tran-
sition, include the First Large Absorption Survey in HI (FLASH; Sadler et al.) and Widefield
ASKAP L-Band Legacy All-Sky Blind Survey (WALLABY; Koribalski, 2012) with the Aus-
tralian Square Kilometre Array Pathfinder (ASKAP; Deboer et al., 2009; Johnston et al., 2009;
Schinckel et al., 2012), the Search for HI absorption with APERTIF (SHARP; Morganti et al.),
and the MeerKAT Absorption Line Survey (MALS; Gupta et al., 2017).
FLASH will search within the redshift space of 0.4 < z < 1 for both associated and inter-
vening absorption toward radio-bright objects (flux density of∼ 50 mJy and greater). However,
as most of these objects lack optical identifications or reliable redshift information, any HI de-
tection made requires follow-up to verify whether it is associated with the host radio galaxy or
merely within a galaxy along the line of sight. Optical follow-up has already been undertaken
for PKS 1740-517, the first new HI absorption detection made with ASKAP during commis-
sioning (Allison et al., 2015). Knowledge of the redshift distribution of the background radio
sources is vital to understanding the average HI spin temperature (Allison et al., 2016), and can
statistically determine the redshift interval probed by the radio source population. This com-
plements efforts to distinguish associated and intervening absorption systems through machine
learning algorithms (Curran et al., 2016b).
Using the cross-matched SUMSS and WISE samples (Section 3.4 - 15,043 radio sources),
20.9% were found to likely be a LERG, 45.4% a HERG and 33.7% a QSO. The average median
redshifts found from W1 and W2 were z = 0.65 and 0.60 respectively. Note that these are only
SUMSS sources with a reliable WISE counterpart.
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Table 4.11: The average probability for a radio source with a WISE counterpart within
2.5 arcsec in SUMSS to have a redshift either lower than, higher than, or within the redshift
range for the FLASH project with ASKAP. Infrared-faint radio sources are more likely to be
at higher redshifts (Figure 4.1 and e.g. Collier et al., 2014). Those at z < 0.4 will be unable
to be searched for associated HI absorption within the FLASH project. These values can be
calculated for other redshift values via our code, as desired set by the user.
Minimum Flux Class z < 0.4 0.4 < z < 1.0 z > 1.0
No flux cut All 35.9% 41.1% 23.0%
LERG 75.9% 24.1% 0.0%
HERG 30.8% 54.1% 15.2%
QSO 18.3% 34.1% 47.6%
>20 mJy All 34.8% 38.0% 16.2%
LERG 76.8% 23.2% 0.0%
HERG 28.6% 55.4% 16.1%
QSO 18.4% 34.2% 47.5%
>50 mJy All 31.8% 41.3% 26.9%
LERG 78.3% 21.7% 0.0%
HERG 27.3% 55.7% 17.0%
QSO 19.2% 34.3% 46.6%
Table 4.11 gives the probability for sources within the sample to have a redshift at z < 0.4,
0.4 < z < 1.0, and z > 1.0. In total there is a 41.1% probability for a radio source in SUMSS
with a WISE counterpart to lie within the redshift range which can be searched for associated HI
absorption in FLASH. Therefore, roughly 41% of radio sources with a reliable cross-match with
WISE (∼7,000) will be able to be searched for HI associated absorption by FLASH, although
realistically only those with a minimum flux density of around 50 mJy will be bright enough to
sufficiently search towards (that is, ∼3,200 radio sources with reliable and good-quality WISE
information that can be searched for associated HI absorption).
This percentage varies both for the class of object predicted by the WISE colour information
for the source; objects identified to be a QSO have a higher chance of a greater redshift value, as
expected due to the trends seen in the LARGESS training sample. A cut to higher flux densities
slightly shifts sources to higher redshifts (we calculate a 26.9% probability of sources both
likely to be a QSO and a flux density greater than 50 mJy to like at a redshift beyond z = 1, as
opposed to 23.0% for QSOs without that flux cut).
We also see a lower percentage of LERGs and higher percentage of HERGs in the 0.4< z < 1
range when comparing the 50 mJy flux density cut to all sources. This agrees with the fall-off
in LERG populations with redshift and the luminosity evolution of HERGs with redshift (figs.
2 and 10 respectively of Pracy et al., 2016). This also supports the differences found between
the LERG and HERG populations (see also Best & Heckman, 2012).
It should be noted, however, that like LARGESS, the number of LERGs diminished at
similar redshift limits due to sensitivity limits of the Pracy et al. (2016) study. We also may be
underestimating the number of HERGs (see Table 4.7). Therefore, the LARGESS training set
may be biasing our predictions here. The effect in Figure 4.3, where a slight decrease in the
fraction of LARGESS sources with WISE cross-matches made is seen with increasing redshift,
should also be considered.
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4.4.2 Sample of low-frequency peaked-spectrum radio sources
Of interest to understanding AGN evolution is the population of high redshift radio galaxies
(Miley & De Breuck, 2008). Radio sources with a peak in their spectral energy distribution (e.g.
Gigahertz-peaked spectrum sources; GPS) are believed to be young or recently re-triggered
radio AGN (e.g. O’Dea et al., 1991). Sources peaked at lower frequencies (Megahertz-peaked
spectrum sources; MPS) have been proposed to be these young radio AGN at high redshift
(z > 2) such that the turnover frequency has shifted to this lower regime (Falcke et al., 2004;
Coppejans et al., 2015, 2016; Callingham et al., 2017). Therefore, by identifying the redshifts
for these galaxies, we can better learn more about the evolution of radio AGN with redshift. We
examine the WISE properties of such low-frequency peaked spectrum sources to see whether
their mid-infrared information supports the hypothesis that they lie at high redshift.
85 low-frequency peaked-spectrum radio sources with a match to NVSS or SUMSS were
selected from the study of Callingham et al. (2017). Of this sample, only 48 sources had a match
with WISE within 10 arcsec of their NVSS or SUMSS position, and 26 within 2.5 arcsec. The
majority of these had poor quality WISE magnitudes, with upper limits in W3 or even the W2
magnitudes. In total only 9 sources were found with a WISE cross-match within 2.5 arcsec and
with sufficient quality WISE magnitude information (13 within 10 arcsec, or 39 sources within
10 arcsec with poor quality WISE data).
Of the 9 sources we do have sufficient WISE information for, 2 have over 10% of their
probability density functions supporting the hypothesis that the source is at z > 2 (the higher
with 26-30% probability). 14 of the other 39 sources successfully cross-matched with WISE
at higher cross-match radii and/or with upper limits for their W2 or W3 magnitudes were still
found with a significant probability (> 10%) to lie at z > 2. We note again these are either
unreliable cross-matches and hence of these 39 sources, many may be simply undetected in
WISE, or redshift estimates for sources with upper limits in their W2 magnitudes are hence
biased to lower values. All remaining sources with no cross-match made are faint in WISE and
hence likely lie at higher redshift (see Figure 4.1 and the study of infrared-faint radio sources
by Collier et al. (2014)). Therefore, most sources in the sample are likely to lie at high redshift.
4.5 Summary
We have presented a new method for estimating the redshift for radio galaxies, using the
LARGESS sample as a training set and the WISE mid-infrared magnitude information. This
method assigns a probability to the LERG, HERG and QSO classes to the radio galaxies, and
then generates a redshift probability distribution. The code which generates these probability
distributions is publicly available to use2. Best fit equations are also offered as an alternative
(Tables 4.2 and 4.4).
Testing on samples with known spectroscopic redshift information, and comparison with
the CENSORS survey, suggests the probability distributions our algorithms generate do well
in constricting the possible redshift for radio galaxies. We predict that most radio sources in
SUMSS with a WISE counterpart lie at z < 1, with sources at z < 0.4 dominated by LERGs
and z > 1 by QSOs. We predict 46% of the radio sources with good WISE measurements will
be able to be searched for associated HI absorption through the FLASH survey, which will aid
our understanding of the evolution of the cold star-forming fuel in radio galaxies.
This method is ideal for radio galaxies lacking in any optical spectroscopy, which is an
area of concern for current and upcoming radio surveys in the southern sky. Further exploration
through this method, alongside other photometric redshift estimating techniques, is necessary to
2https://github.com/marcinglowacki/wise_redshift_estimator
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narrow down the redshift distribution of such galaxies. However, given the uncertainties asso-
ciated with photometric estimates (including ours) and the need for detailed optical information
about physical hosts of radio AGN, a focus on obtaining reliable optical spectroscopic redshift
information for these galaxies is of vital importance in future radio surveys.
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CHAPTER
5
An ASKAP survey for HI absorption
towards dust-obscured quasars
The following chapter will be submitted as a paper titled “An ASKAP survey for HI absorption
towards dust-obscured quasars” to the journal Monthly Royal Notices of the Royal Astronomi-
cal Society. I am the first author of the paper, and it has been reviewed by the co-authors of the
paper. Minor typographical and grammatical changes have been made to ensure consistency
with the rest of the thesis. We also include figures in Appendix A, B and C containing redshift
probability distributions, ASKAP spectra and spectral energy distributions which were not to
be included in the submitted version of the paper.
Obscuration, either by accreted gas and dust, or dusty intervening galaxies along the line of
sight, causes quasars to be missed in optically selected samples. Radio observations can poten-
tially overcome the dust bias in optical AGN studies. HI absorption surveys inform us on the
cold neutral gas medium within either the host or an intervening galaxy. We present the results
of a HI absorption survey at 0.4 < z < 1 towards 34 obscured quasars with the Australian
SKA Pathfinder (ASKAP) commissioning array. Most of our sample are Gigahertz Peaked
Spectrum (GPS) or Compact Steep Spectrum (CSS) sources, which are thought to represent
young or recently re-triggered radio AGN. The GPS/CSS classifications we make agree with
galaxy evolution models in which the AGN of obscured galaxies have only recently become
active.We make three HI absorption detections, with one of these systems previously unknown.
Through optical follow-up we find that in all detections the HI gas is associated with the AGN,
and hence that these AGN are obscured by material within their host galaxies. All three HI
absorption detections in our study are made towards GPS sources. Our associated HI detection
rate for GPS and CSS sources agrees with other surveys towards such sources. We also find
shallow and asymmetric HI absorption features in our detections, which suggests that the cold
neutral medium in compact radio galaxies may be kinematically disturbed by the AGN.
5.1 Introduction
Obscuration of quasars occurs in two distinct ways. One is due to gas and dust within an
intervening galaxy along the line of sight, which affects our ability to detect the background
quasar through optical selection methods. Dusty intervening galaxies obscuring quasars have
been detected in Noterdaeme et al. (2010) and Srianand et al. (2008). However, dusty absorbers
do not appear to dominate the statistics of intervening absorbers (Ellison et al., 2001, 2004).
Gravitationally lensed quasars can be also reddened by dust within the lensing galaxy (Malhotra
et al., 1997; Gregg et al., 2002).
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The other cause of quasar obscuration is due to gas and dust within the host galaxy itself.
In this scenario, such optically obscured quasars represent a stage in galaxy evolution thought
to follow a galaxy merger event. Cold-mode accretion of the dusty material continues until
feedback from the active galactic nucleus (AGN) begins and dispels the obscuring material
(Hopkins et al., 2006; Glikman et al., 2007; Hopkins et al., 2008, and references within). The
optically obscured period is relatively short-lived (timescale of a few million years or∼15-20%
of the unobscured quasar phase; Glikman et al., 2012), and hence galaxies in this evolutionary
phase are relatively rare.
The short time scale of the obscured evolution phase, combined with obscuration in the op-
tical regime, hampers our ability to study the impact of the AGN on the cold neutral medium
containing the material from which stars can form. In turn, this limits our understanding of
the AGN impact on star formation activity within the host galaxy. Difficulty with obtaining
sufficient optical spectral information for all obscured quasars, potentially due to such objects
falling out of optically selected samples, also restricts our ability to understand the AGN popu-
lation across redshift space. This can create a mismatch with galaxy evolution models (such as
the model of Hopkins et al., 2006).
Radio selection techniques avoid the limitations introduced by dust for optical surveys, as
well as the issue of confusion of obscured quasars with low-mass stars in optical colour selec-
tion. Webster et al. (1995) suggested that the wide range of optical colours for radio-selected
quasars is due to dust along the line of sight, and estimated that up to 80% of quasars could have
been missed by optical surveys. White et al. (2003) found that the population of radio-selected
quasi-stellar objects (QSOs) is dominated by previously undetected red, heavily obscured ob-
jects. This has been since found to be an overestimate; Gregg et al. (2001) estimated that be-
tween 10% and 20% of the radio-loud quasar population is reddened by dust in the host galaxy.
7% of damped Lyman α (DLA) systems are expected to be missing from optically selected sam-
ples due to dust obscuration of background quasars (Pontzen & Pettini, 2009). Nonetheless, this
is a significant population missed without radio selection methods.
Another challenge for AGN obscured by associated gas and dust is to understand the impact
of the AGN on this obscuring material (e.g. in extreme cases, acceleration of gas by radio jets
associated with the AGN; Morganti et al., 2013). The 21 cm hyperfine transition of atomic
hydrogen (HI) traces the kinematics of the neutral gas reservoir within galaxies. Surveys of HI
in emission (e.g. Meyer et al., 2004; Giovanelli et al., 2005; Verheijen et al., 2007; Catinella
et al., 2008; Freudling et al., 2011) are limited in redshift beyond z ∼ 0.3 due to the faintness
of the line. The record is currently z = 0.37 (Rhee et al., 2016). To detect the HI content at
higher redshifts, we use the 21 cm transition in absorption toward background radio AGN (e.g.
Carilli et al., 1998; Vermeulen et al., 2003; Curran et al., 2006; Gupta et al., 2006; Allison et al.,
2012a; Gere´b et al., 2015; Glowacki et al., 2017a; Maccagni et al., 2017).
While the 21 cm line in absorption does not supply detailed spatial information of the neutral
ISM, it can be detected over a much larger redshift range. In absorption, we can search for the
HI content, and from the kinematic information, investigate the impact of the AGN on the cold
neutral gas during this obscured period. Intervening HI absorption, meanwhile, can inform us on
the population of DLA systems along the line of sight to radio-loud AGN. From these galaxies
we can learn more on the distribution, quantity and evolution of cold neutral gas in galaxies
with redshift, such as on the evolution of the gas spin temperature with redshift (Ellison et al.,
2012). We can also study gravitationally lensed systems through HI absorption studies (e.g.
Allison et al., 2017) and inform on gravitational lens models (e.g. MacLeod et al., 2013; Inoue,
2015). Additionally, we can investigate interstellar scintillation effects of both the background
source and intervening absorbing structures (Macquart, 2005).
Both associated and intervening HI absorption have been detected towards obscured quasars
in previous studies, but these are limited in size. Carilli et al. (1998) found an 80% detection
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rate in HI absorption towards a sample of 5 reddened quasars that were bright in the radio
(see also Carilli et al., 1999). This was a deep survey with optical depths of ∼1% achieved.
Another associated HI absorption detection was made by Ishwara-Chandra et al. (2003) towards
3C190, classified as a red quasar due to a steep fall-off of the optical to infra-red continuum.
Two detections of intervening HI absorption were made by Srianand et al. (2008) toward red
radio galaxies in a sample of 38 Mg II systems. While HI absorption surveys appear to be a
good method for detecting gas in obscuring material, radio frequency interference (RFI) has
restricted HI absorption studies towards obscured AGN at higher redshift. For instance, one of
the HI absorption features detected in Carilli et al. (1998) was partially corrupted by RFI.
The Australian SKA Pathfinder (ASKAP; Deboer et al., 2009; Johnston et al., 2009; Schinckel
et al., 2012) will address these issues, due to the radio-quiet nature of the site which decreases
the expected RFI. The wide 300 MHz instantaneous bandwidth of the telescope in combination
with reduced RFI increases survey speed. The First Large Absorption Survey in HI (FLASH)
with ASKAP will target over 100,000 sightlines over the southern sky in the redshift range
0.4 < z < 1 for both intervening and associated HI absorption, and is estimated to improve
on other HI absorption surveys by over two orders of magnitude in the number of sightlines
searched for HI gas (Sadler et al., in prep). The other SKA Pathfinders in the South African
MeerKAT telescope (Booth & Jonas, 2012) and the Westerbork APERture Tile in Focus (APER-
TIF; Oosterloo et al., 2009) will complement FLASH through the MeerKAT Absorption Line
Survey (MALS; Gupta et al., 2017) and the Search for HI absorption with APERTIF (SHARP1)
respectively at different redshift ranges.
In preparation for the full FLASH survey, we present the findings of a HI absorption survey
towards obscured radio quasars during the commissioning stage of ASKAP with the Boolardy
Engineering Test Array (BETA; Hotan et al., 2014; McConnell et al., 2016). The sample was
selected either due to known optical faintness from SuperCOSMOS (Hambly et al., 2001), or
via mid-infrared (WISE; Wright et al., 2010) colour information (see Section 5.2). We consider
the spectral energy distribution properties of our sources to investigate whether these obscured
quasars are compact and hence potentially young or re-triggered in their radio activity. To verify
whether we could detect HI absorption towards optically faint sources in our sample with no
redshift information, we used a photometric redshift indicator method (Glowacki et al., 2017b)
to estimate their redshifts. In Section 5.3 we summarise the observations made. In Section 5.4
we report the results of the HI absorption survey and the individual detections. In Section 5.5 we
discuss and analyse our HI absorption detection rates, and further analyse the SED properties
of our sample.
5.2 Sample properties
5.2.1 Sample selection
The aim of our observations is to detect cold neutral gas associated with radio-loud obscured
quasars, or in intervening galaxies along the line of sight. All sources are first selected from the
Kuhr catalogue (Ku¨hr et al., 1981), a sample of extragalactic radio sources with flux densities
S > 1 Jy at 5 GHz, also used by Carilli et al. (1998). This was to select bright point sources. All
sources were required to lie south of declination +5◦ due to the observation limits of ASKAP-
BETA. To select sources that were bright in the frequency space we used with the ASKAP-
BETA prototype array (700-1000 MHz), we selected sources with a radio flux of 1 Jy or greater
1http://www.astron.nl/astronomy-group/apertif/science-projects/
sharp-search-hi-absorption-apertif/sharp
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Table 5.1: Summary of radio sources selected for the HI absorption observations with ASKAP-
BETA. Here we list the full sample as three groups which (a) are searchable for associated HI
absorption in our survey, (b) have no known redshift or only photometric redshift estimations in
the literature, and (c) can only be searched for intervening HI absorption. The 1.4 and 0.8 GHz
flux densities, S1.4 and S0.8, come from NVSS and SUMSS respectively. We selected sources
with flux densities greater than 1 Jy at these frequencies. In the Sample column, Opt represents
the optically faint sub-sample, WISE the WISE selected sources, and O+W for objects in both
sub-samples. In the SED column we classify objects as peaked spectrum (GPS), steep spectrum
(CSS) and flat spectrum (FS) sources, the latter with complex SEDs (Section 5.2.2).
Source RA Dec S1.4 S0.8 z ref Sample W1 W2 W3 R ref SED
J2000 J2000 Jy Jy mag mag mag mag
(a) Objects with spectroscopic redshift 0.4 < z < 1
PKS0022-423 00:24:42.95 -42:02:03.5 - 1.77 0.937 b Opt 14.6 13.4 10.0 20.1 c GPS
3C038 01:20:27.12 -15:20:16.9 5.08 - 0.565 e WISE 14.9 14.5 10.7 19.0 c CSS
PKS0235-19 02:37:43.78 -19:32:35.4 4.62 - 0.62 e WISE 14.2 12.9 9.3 19.6 c CSS
PKS0252-71 02:52:46.26 -71:04:35.9 - 8.55 0.568 f Opt 15.1 14.7 11.5 20.6 a GPS
PKS0402-362 04:03:53.79 -36:05:01.7 1.15 1.03 0.79 g WISE 12.0 10.8 7.0 16.7 c FS
PKS0408-65 04:08:20.28 -65:45:08.5 - 24.44 0.962 h O+W 15.7 14.9 10.3 21.4 a GPS
PKS0420-014 04:23:15.80 -01:20:33.1 2.73 - 0.916 g†‡ WISE 11.5 10.4 6.7 19.8 c FS
PKS0500+019 05:03:21.20 +02:03:04.7 2.25 - 0.585 j‡ Opt 14.5 13.5 10.6 20.8 c GPS
PKS1622-253 16:25:46.89 -25:27:38.3 2.52 - 0.786 l Opt 12.5 11.4 8.5 20.8 c CSS
PKS1740-517 17:44:25.45 -51:44:43.8 - 8.15 0.44 - Opt 14.4 13.3 10.5 20.8 a GPS
PKS2008-068 20:11:14.23 -06:44:03.4 2.60 - 0.547 u Opt 15.0 14.6 12.5 21.2 q GPS
PKS2331-41 23:34:26.13 -41:25:25.8 - 8.73 0.907 l O+W 14.8 14.1 10.3 20.6 c CSS
(b) Objects without a reliable spectroscopic redshift (some have photometric redshifts)
PKS0042-35 00:44:41.47 -35:30:32.8 2.56 3.81 (0.98*) a O+W 16.8 15.6 10.7 20.1 c CSS
3C118 04:31:07.09 +01:12:55.5 1.65 - - - Opt 15.0 14.5 10.8 20.1 c CSS
PKS1213-17 12:15:46.75 -17:31:45.4 1.84 - - - Opt - - - - - CSS
3C275 12:42:19.67 -04:46:20.7 - 8.92 (0.56*) a O+W 15.0 13.4 9.4 20.3 a CSS
PKS1829-718 18:35:37.20 -71:49:58.2 - 3.99 - - Opt 15.8 15.4 >12.7 ∼23 p GPS
PKS1936-623 19:41:21.76 -62:11:21.0 - 1.80 - - Opt 13.9 12.5 9.7 20.4 c CSS
PKS2032-35 20:35:47.61 -34:54:01.1 - 8.92 (0.56*) a O+W 14.5 13.2 9.6 20.4 c CSS
PKS2140-81 21:47:23.62 -81:32:08.6 - 5.09 (0.64*) a Opt 14.5 13.6 10.8 20.7 c CSS
PKS2150-52 21:54:07.28 -51:50:18.1 - 5.26 (0.79*) a O+W 15.5 14.5 10.2 21.4 a CSS
PKS2307-282 23:10:07.40 -27:57:51.6 1.02 - - - Opt 15.3 14.8 12.5 - - CSS
PKS2323-40 23:26:34.30 -40:27:15.5 - 5.24 (0.81*) a O+W 16.6 15.0 10.6 21.5 a CSS
PKS2333-528 23:36:12.14 -52:36:21.9 - 2.16 - - Opt 16.1 15.5 12.0 >22.9 s GPS
(c) Objects with spectroscopic redshift z > 1
PKS0008-42 00:10:52.52 -41:53:10.8 - 6.39 1.13 h Opt 16.7 15.9 11.7 22.6 a GPS
PKS0114-21 01:16:51.44 -20:52:06.7 4.09 - 1.41 d Opt 16.4 15.4 11.4 - - CSS
PKS0457+024 04:59:52.04 +02:29:31.6 2.07 - 2.384 i WISE 15.8 14.6 11.0 19.0 c GPS
PKS0528-250 05:30:07.98 -25:03:30.0 1.16 - 2.778 k† WISE 14.6 13.7 10.2 17.4 c GPS
PKS0834-19 08:37:11.11 -19:51:56.8 4.74 - 1.032 l Opt 15.3 14.1 10.6 - - GPS
4C+03.30 14:36:57.18 +03:24:11.6 2.81 - 1.438 m Opt 16.5 16.1 11.8 - - CSS
4C+04.51 15:21:14.42 +04:30:21.7 3.93 - 1.296 n Opt 15.9 14.7 11.1 22.2 o FS
4C+01.69 22:12:37.97 +01:52:51.3 2.80 - 1.126 q Opt 15.3 14.0 10.8 22.0 q FS
[HB89]2329-162 23:31:38.65 -15:56:57.0 1.34 - 1.153 r Opt 14.4 13.3 10.0 20.2 c CSS
PKS2337-334 23:39:54.54 -33:10:16.7 1.28 1.70 1.802 t Opt 15.4 14.3 11.6 - - CSS
* Photometric redshift
† Literature of non-HI absorption line detected along line of sight with redshift between
0.4 < z < 1
‡ Previously searched for HI absorption in the literature
ˆ Upper limit of WISE magnitude
Spectroscopic redshift/R-band magnitude reference: a Burgess & Hunstead (2006a), b de Vries
et al. (1995), c Hambly et al. (2001), d McCarthy et al. (1996), e Tadhunter et al. (1993), f Holt
et al. (2008), g Jones et al. (2009), h Labiano et al. (2007), i Hewitt (1986), j Carilli et al.
(1998), k Ellison et al. (2010), l di Serego-Alighieri et al. (1994), m Best et al. (1999), n
Heckman et al. (1994), o di Serego-Alighieri et al. (1994), p Costa (2001), q de Vries et al.
(2007), r Wright et al. (1983), s Healey et al. (2008), t Jackson et al. (2002), u Snellen et al.
(2002)
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Table 5.2: Summary of the sample selection. Bright radio candidate quasars south of dec-
lination +5◦ and without known redshifts < 0.4 are selected from Ku¨hr et al. (1981). These
34 sources make up two sub-samples; one of optically faint sources through SuperCOSMOS
information with no further redshift restriction, and the other mid-infrared reddened sources
through WISE colour information, with further limits on the redshift. An overlap of 7 sources
exists between these two sub-samples.
Sample summary No. of sources Selection criteria
Radio QSOs from Ku¨hr et al. 1981 34 ≥1 Jy in NVSS or SUMSS
South of declination +5◦
No known redshift, or z > 0.4
– Optically faint sub-sample 28 – R-band magnitude ≥ 20 mag
– WISE selected sub-sample 13 – WISE colour W2–W3 > 3.5
– Radio AGN OR intervening non-HI absorption line redshift
within range 0.4 < z < 1
in the Sydney University Molonglo Sky Survey (SUMSS; Mauch et al., 2003) at 0.843 GHz,
or the NRAO VLA Sky Survey (NVSS Condon et al., 1998) at 1.4 GHz. Finally, radio sources
with known redshifts less than z = 0.4 were discarded as these are in front of our search volume.
Two sub-samples were then isolated. One was by selecting optically faint AGN as motivated
by (and to compare results with) Carilli et al. (1998), and another through limits on the mid-
infrared information available from WISE to select reddened quasars. A total of 34 radio-bright
sources were selected. Reliable spectroscopic redshifts within the range of 0.4 < z < 1 were
found for 12 sources. These sources can be searched for associated and intervening HI absorp-
tion with ASKAP-BETA in this survey; higher redshift sources (10) could only be searched for
intervening HI absorption within this redshift range. Only photometric redshift estimates, or no
redshift information, was available for 12 sources. These can be searched for HI absorption if
their redshift is at least 0.4 or greater. We examine their potential redshifts in Section 5.2.3.
Table 5.1 lists the sources selected and observed for HI absorption with ASKAP-BETA,
separated by their redshift information. Table 5.2 summarises the sub-sample selection criteria
which is also given below.
5.2.1.1 Optical selection
The first sub-sample features optically faint radio AGN. We cross-matched sources from Ku¨hr
et al. (1981) with the SuperCOSMOS survey (Hambly et al., 2001). As in Carilli et al. (1998),
sources with a magnitude of 20 mag or fainter in the R-band were chosen. Those with no R-
band SuperCOSMOS optical information, likely fainter than the survey sensitivity, were also
included. A few sources were removed upon finding an optical magnitude brighter than this
limit in other surveys within the literature. In total, this sub-sample has 28 sources, with 15
known to lie between 0.4 < z < 1 (can be searched for associated absorption) from reliable
spectroscopic (8) or photometric redshifts (7). There were 7 optically faint sources which had
no known redshift information, nor photometric redshift estimates within the literature. These
were included in the sample as lower priority targets. We also observed sources from this
sub-sample which had known redshifts greater than z = 1 for intervening HI absorption. This
includes PKS 0008-42 which had a redshift measurement just above z = 1 (Labiano et al., 2007),
for which two observations were carried out at a lower frequency to the rest of the sample (see
Table 5.4).
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Figure 5.1: WISE two-colour distribution of the sample. Red circles are sources solely in the
optically faint subgroup, blue squares those which were WISE selected, and magenta diamonds
objects that fell into both sub-samples. The three labelled points were found to have HI absorp-
tion toward them (Section 5.4.1), and were all selected from the Ku¨hr et al. (1981) sample and
targeted due to their optical faintness.
5.2.1.2 Infrared selection
The second sub-sample was selected through the Widefield Infrared Survey Explorer (WISE;
Wright et al., 2010) information. Objects with redder mid-infrared W2–W3 (4.6 – 12 µm)
colour have brighter W3 magnitudes (Table 5.1), which is believed to be due to warm continuum
emission from polycyclic aromatic hydrocarbons (PAHs). PAHs are linked to regions of recent
star formation (Lee et al., 2013; Cluver et al., 2014). Furthermore, through the W2–W3 colour
we can select starburst galaxies (typical W2–W3 colour > 3.4 mag; see Rosario et al., 2013).
AGN with red WISE colours may be associated with galaxy mergers, which can be the source
of high obscuration (Blecha et al., 2017).
We selected objects with WISE colour W2–W3 of 3.5 mag or greater (Figure 5.1; blue or
magenta points) to target potentially dustier objects. We required these sources to have a known
redshift 0.4 < z < 1, either of the host radio galaxy, or an optical absorption line along the line
of sight indicating an intervening galaxy that could be reddening the radio host galaxy. Sources
in the optical sub-sample without this redshift requirement were only included as lower priority
targets. We prioritised observing those with a W1-W2 (3.4 – 4.6 µm) colour of 0.8 mag or
greater (i.e. more QSO-like objects; Stern et al., 2012, see Table 5.1). We note that six objects
selected as part of the optically faint sub-sample (red points of Figure 5.1) would have fallen into
this group. However, these were not known to lie between 0.4 < z < 1, or have an intervening
optical absorption line within this redshift range.
We select 13 sources by their mid-infrared colour information; here 6 had spectroscopic
redshifts 0.4 < z < 1, and 5 had only photometric redshift estimates for this redshift range.
An overlap with the optically faint sub-sample occurred for 7 sources. Information for the
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Figure 5.2: Radio spectral energy distributions for three sources within the sample. Frequen-
cies range from 72 MHz from the MWA GLEAM survey (Hurley-Walker et al., 2017) to 20 GHz
from the AT20G survey (Murphy et al., 2010) where available for the sources. A generic curved
model fit (black) and a power-law fit is made for each SED as per the model fitting code de-
scribed in Callingham et al. (2015). All three sources here are identified as peak-spectrum
sources by Callingham et al. (2017) and so only have curved model fits present.
sources are given in Table 5.1. Compared to the optically faint sub-sample, the WISE-selected
radio galaxies overall have similar W1-W2 colours (at values where sources in our sample are
likely to have a dust-rich circumnuclear region), but redder W2-W3 colour (Figure 5.1). These
galaxies may have higher star formation rates than the optically selected sub-sample.
5.2.2 Spectral energy distributions
The radio spectral energy distribution (SED) provides information on the morphology and age
of radio AGN. Radio sources with a peak in their SED in the MHz or GHz regime (e.g. Gi-
gahertz Peaked Spectrum sources; GPS) or which increase in flux density with decreasing fre-
quency and are compact (Compact Steep Spectrum sources; CSS) are believed to be young or
recently re-triggered radio AGN (e.g. O’Dea et al., 1991). GPS radio galaxies are compact
(≤ 1 kpc in size), and more so than CSS sources (∼1 - 10 kpc). Compact GPS or CSS ra-
dio galaxies within our sample would agree with galaxy evolution models (e.g. Hopkins et al.,
2006), in which obscured quasars represent a short transitional period in which the AGN is
‘switching on’ following a fuelling stage by obscuring material (Blecha et al., 2017).
To study the SEDs of our sample, we incorporate low-frequency information from the
GaLactic and Extragalactic All-sky Murchison Widefield Array (GLEAM) survey (Hurley-
Walker et al., 2017). This allows us to observe turnovers below 1 GHz (i.e. lower-frequency
GPS sources). In our sample 12 sources are found to be GPS sources (Table 5.1). Follow-up at
VLBI resolutions is required to confirm how compact the GPS radio sources in our sample are.
The remainder of our full sample are found to be either steep spectrum or to have a more com-
plex spectral energy distribution (4 sources), the latter found to be consistent with flat spectrum
(FS) quasars in modelling. In Figure 5.2 we give three example SEDs and fits for sources later
discussed in Section 5.4. In Appendix C we give the remaining SEDs and model fits for our
sample.
5.2.3 Photometric redshift estimates
In our full sample, 12 sources lack spectroscopic redshifts in the literature, of which 6 had pho-
tometric redshift estimates. Additionally, the spectrum measurement for PKS 0008-42 in (Labi-
ano et al., 2007) was described as “very noisy making it difficult to distinguish emission lines
from noise”. This study reported a redshift of z = 1.13 based on “two dubious emission lines”
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Figure 5.3: Comparison of either a spectroscopic redshift (blue) or photometric redshift esti-
mates (red) made through the relation given in Burgess & Hunstead (2006b) (x-axis), and the
W1 photometric estimate made through the method of Glowacki et al. (2017b) (y-axis). Errors
plotted are the upper and lower values given in the R-band relation in Burgess & Hunstead
(2006b) and the 68% redshift confidence interval respectively. The R-band photometric redshift
estimate is typically higher than that indicated by the WISE mid-infrared bands (compare with
the diagonal line). Redshift estimates from either method places all sources without spectro-
scopic information above redshift z = 0.4 (dashed lines).
([Ne V]λ3425 and [O II]λ3727), consistent with photometric redshift predictions (Burgess &
Hunstead, 2006b). All of these sources were within the optically faint sub-sample.
To determine if these sources were in front of our search volume, we generated redshift
probability distributions as a redshift indicator from their available WISE information, as de-
scribed in Glowacki et al. (2017b). PKS 1213-17 was not detected in WISE. However, as it
is infrared-faint and with no optical photometric measurement, it is likely to lie at high red-
shift (Norris et al., 2006; Collier et al., 2014). In Appendix A we give the redshift probability
distributions. In Table 5.3 we give the median and 68%, 95% and 99.7% confidence interval
redshift values from the distributions, and the probability for the source to lie at z > 0.4. We
also provide R-band redshift estimates, either from Burgess & Hunstead (2006b) or by using the
R-z relation provided by that study (indicated with a *). For the 18 sources with both R-band
magnitudes and spectroscopic redshifts, we find that the spectroscopic redshift falls within the
1-sigma error of the R-band redshift estimate for 10 sources. This suggests that the R-band
estimate is a good first-order approximation. In most of the remaining scenarios the R-band
method over-estimates the redshift. This is attributed to a lower R-band reading affected by
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Table 5.3: Redshift predictions through the method described in Glowacki et al. (2017b) from
the available WISE information, for sources with no reliable spectroscopic redshift informa-
tion. We give the median redshift and redshift ranges for the 68%, 95% and 99.7% confidence
intervals, along with the probability of the source being at redshift z > 0.4, from the W1 and
W2 WISE bands (3.4 and 4.6 µm respectively), and the most likely radio classification from the
mid-infrared colour information. zB+H is a photometric redshift estimate within the literature
(Table 5.1), or by the R-band magnitude estimate where this data are available (such cases
indicated with an ∗), through the relation provided in Burgess & Hunstead (2006b). Where
available, we find good agreement of these with the redshift probability distributions generated.
PKS 1213-17 was not detected in WISE nor had an R-band measurement; however, given it is
faint in the mid-infrared and optical bands, it is likely the source lies at z > 1.
Name zB+H WISE Band Median zest 68% CI 95% CI 99.7% CI P(z > 0.4) Class
PKS0008–42 1.13 W1 0.65 0.30–1.53 0.12–2.27 0.02–3.09 74% QSO
W2 0.58 0.19–1.29 0.02–1.92 0.00–2.59 65%
PKS0042–35 0.98 W1 0.76 0.51–1.15 0.23–2.52 0.02–3.72 92% HERG
W2 0.58 0.41–0.76 0.26–2.49 0.09–3.65 87%
3C118 0.67* W1 0.48 0.30–0.76 0.12–2.10 0.01–3.26 68% HERG
W2 0.44 0.26–0.76 0.12–2.20 0.00–3.19 62%
3C275 0.56 W1 0.48 0.30–0.76 0.12–2.10 0.00–3.26 68% HERG
W2 0.30 0.12–0.65 0.02–1.57 0.00–2.34 38%
PKS1829–718 1.66* W1 0.57 0.37–0.77 0.17–0.92 0.01–0.97 81% HERG
W2 0.54 0.39–0.70 0.22–0.88 0.06–0.97 82%
PKS1936–623 0.72* W1 0.62 0.16–1.29 0.03–1.92 0.00–2.73 63% QSO
W2 0.65 0.16–1.32 0.02–1.96 0.00–2.66 68%
PKS2032–35 0.56 W1 0.58 0.26–1.43 0.05–2.27 0.00–3.16 68% QSO
W2 0.48 0.12–1.12 0.02–1.92 0.00–2.66 55%
PKS2140–81 0.64 W1 0.51 0.23–1.43 0.05–2.24 0.00–3.12 65% QSO
W2 0.51 0.19–1.36 0.02–2.13 0.00–2.94 61%
PKS2150–52 0.79 W1 0.62 0.37–1.57 0.16–2.52 0.00–3.51 82% HERG
W2 0.51 0.30–1.60 0.12–2.52 0.00–3.37 70%
PKS2307–282 – W1 0.49 0.31–0.65 0.14–0.87 0.01–0.97 69% HERG
W2 0.47 0.31–0.64 0.14–0.87 0.00–0.97 67%
PKS2323–40 0.81 W1 0.72 0.44–1.01 0.19–2.17 0.02–3.30 90% HERG
W2 0.48 0.34–0.65 0.16–1.92 0.02–3.12 75%
PKS2333–528 1.62* W1 0.72 0.44–1.64 0.19–2.77 0.02–3.65 88% HERG
W2 0.62 0.41–1.78 0.23–2.91 0.05–3.83 87%
dust obscuration, which will suggest that the radio source is further away than it truly is.
All sources in Table 5.3 are estimated to lie at z > 0.4; that is, at sufficiently high redshift
to search for associated, or at least intervening, HI absorption, in this survey. In Figure 5.3 we
compare the estimated median redshift and corresponding 68% confidence intervals from the
method of Glowacki et al. (2017b) with both spectroscopic redshift measurements and photo-
metric R-band estimates for our sample. Up to redshift z = 1 we see generally good agreement,
except for a few outliers which we underestimate the redshift.
Photometric R-band redshifts are generally higher than estimates made with the method
from Glowacki et al. (2017b). This effect is more noticeable for higher redshift sources (z > 1).
While it is noted that the 68% errors consistently include redshifts of 0.6, this is usually at the
extreme lower bound end of these estimates. Often a redshift estimate from the WISE estimator
method of z = 1.0 or higher is considered more likely to reflect the true redshift than a value of
0.6. The full PDFs generated for each estimate also provide further information on the range of
redshifts possible than the 68% error alone.
The effect of R-band redshift estimates being higher than WISE-band redshift estimates
could be attributed to the use of a single R-band magnitude, which assumes that a faint R-band
magnitude is due to the galaxy being at high redshift, rather than a consequence of obscuration
by dust. Using the W1, W2 and W3 magnitudes in classification and radio space may hence
better account for dust obscuration (see also Section 5.4.1.2). Another explanation is that this
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is an effect of the WISE photometric estimation method being biased toward lower redshifts by
the LARGESS sample (Ching et al., 2017) used as the training set for the method, which lacks
low-excitation and high-excitation radio galaxies at redshifts z > 0.8. This is seen in Figure 5.3
towards higher redshifts (z > 1). It is possible that both explanations contribute to this effect.
5.3 Observations with ASKAP
We conducted observations with the six-antenna prototype array of ASKAP from September
2014 to February 2016, between 712.5–1015.5 MHz. The frequency band used with ASKAP is
the least affected by RFI and the most unexplored in terms of HI absorption, and corresponds
to a redshift coverage of 0.4 < z < 1. Observations were carried out in minimum 2 hour blocks
for each source. Table 5.4 describes the observing dates, antennas used and integration time for
each source, as well as the optical depth sensitivity reached from the combined observations.
Towards the end of the observing period only a subset of the six antennas was available for
observation, which lowered the sensitivity achieved relative to observations undertaken with all
six antennas.
The data were reduced following the procedure described by Allison et al. (2015). For
each individual source with multiple observations, all good available datasets were combined
to produce a final spectrum. We give the final co-added spectra and their individual notes in
Appendix B (Figure B.1 to Figure B.32). The 5σ optical depth sensitivity is indicated in grey in
the figure. When considering the root mean square (RMS) noise for each final combined spec-
trum for each target, the median achieved is 22.5 mJy beam−1; see Table 5.4 for the RMS noise
achieved for each source. The average channel width is 18.5 kHz, equivalent to HI velocities of
5.5–7.8 km s−1.
Many sources required re-observation due to issues encountered (e.g. correlator block fail-
ures); such errors resulted in gaps in redshift space in the analysed spectra. RFI introduced dur-
ing commissioning also contributed to noisy spectra on occasion. Some sources received longer
observations to improve on areas of the bandwidth corrupted by RFI and correlator block errors.
The quality of the combined spectra is indicated by the flag column of Table 5.4. Sources such
as PKS 2337-334 (flag of C) were afflicted by correlator block errors in segments of the com-
bined spectra. 16 of the final combined spectra had corrupted data due to a correlator block error
centred at ∼990 MHz (e.g. Figure B.1). Due to instrumental issues during the ASKAP-BETA
observation with PKS 0500+019, in February 2017 we observed this source with ASKAP-12
(see Table 5.4). This array featured 14 antennas fitted with the Mk-II Phased Array Feeds
(PAFs; Chippendale et al., 2015). The spectrum is given in Figure B.13.
We searched the final combined spectra of each source for HI absorption. This was done
both through visual inspection and a Bayesian linefinder and parameterisation pipeline (Allison
et al., 2012b). We discuss our detections in the following section.
5.4 Results
We made three HI absorption detections in our sample. Two were not identified prior to the
ASKAP-BETA observations, with one of those reported in Allison et al. (2015). The total HI
absorption detection rate is 8.8%. As all three were part of the optically faint sub-sample, when
only considering this subset the detection rate is 10.7%.
We give the derived optical depth and HI column density upper limits and values (NHIf ,
where f is a covering factor, and a spin temperature of 100 K is assumed) for our sample in
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Table 5.4: Details of the ASKAP-BETA observations. The average channel width is 18.5 kHz.
The ’Total’ row describes the final co-added spectrum for each source. We give the observation
identification number, source name, date, integration time on source, antennas used, quality
flag (A for clean, B for 1-sigma optical depth sensitivity στ > 1% or multiple corrupted corre-
lator blocks, C for multiple corrupted correlator blocks and στ > 1%), the median RMS noise
per channel, and the corresponding 1σ optical depth sensitivity. Details for PKS 1740-517
and PKS 2008-068 are in Allison et al. (2015) and Moss et al. (2017) respectively. Two ob-
servations for PKS 0008-42 (indicated with a ∗) were undertaken in Band 0 (frequency range
657.5–951 MHz). PKS 0500+019 (indicated with a †) was observed with ASKAP-12.
ObsID Source Date tint Antenna numbers Flag σchan στ
hr mJy beam−1 %
2150 PKS 0008-42 17 Jul 2015 3 1,3,6,8,15 51 1.8
2275 1 Aug 2015 3 1,3,6,8,15 28 3.8
3121 14 Nov 2015* 3 1,3,6,8,15 49 0.7
3133 15 Nov 2015* 3 1,3,6,8,15 27 0.4
Total 12 A 19 0.3
1070 PKS 0022-423 11 Nov 2014 3.5 1,3,6,8,9,15 22 1.0
2680 1 Oct 2015 4 1,3,6,8,15 27 1.4
2685 3 Oct 2015 5 1,3,6,8,15 42 1.8
Total 12.5 A 17 0.8
634 PKS 0042-35 15 Sep 2014 3 1,3,6,8,9,15 27 0.7
3506 04 Feb 2016 2 1,3,8,15 100 2.6
3573 13 Feb 2016 3 1,3,8,15 110 2.9
Total 8 A 19 0.5
2165 PKS 0114-21 18 Jul 2015 4 1,3,6,8,15 32 0.5
2289 3 Aug 2015 3.5 1,3,6,8,15 28 0.4
Total 7.5 A 20 0.3
559 3C038 5 Sep 2014 3 1,3,6,8,9,15 53 0.7
2644 28 Sep 2015 3 1,3,6,8,15 33 0.5
2657 29 Sep 2015 4 1,3,6,8,15 28 0.3
Total 10 A 23 0.3
636 PKS 0235-19 15 Sep 2014 3 1,3,6,8,9,15 13 0.2
Total 3 A 13 0.2
1070 PKS 0252-71 11 Nov 2014 3.5 1,3,6,8,9,15 23 0.2
2450 25 Aug 2015 3 1,3,6,8,9,15 37 0.4
2675 01 Oct 2015 5 1,3,6,8,15 26 0.3
2680 02 Oct 2015 2 1,3,6,8,15 26 0.3
3317 12 Dec 2015 3 1,3,6,8,15 29 0.3
3321 13 Dec 2015 6 1,3,6,8,15 20 0.2
Total 22.5 A 10 0.1
560 PKS 0402-362 5 Sep 2014 3 1,3,6,8,9,15 34 3.6
3506 4 Feb 2016 3 1,3,8,15 100 10.6
3573 13 Feb 2016 3 1,3,8,15 38 4.7
Total 9 B 25 2.8
1096 PKS 0408-65 14 Nov 2014 3 1,3,6,8,9,15 29 0.1
Total 3 A 29 0.1
1528 PKS 0420-01 11 Mar 2015 2 1,3,8,9,15 48 1.7
Total 2 B 48 1.7
2077 3C118 7 July 2015 3 1,3,6,8,15 33 1.7
3176 21 Nov 2015 2.5 1,3,6,8,15 46 1.8
3181 22 Nov 2015 3 1,3,6,8,15 52 2.3
Total 8.5 B 22 1.0
1767 PKS 0457+024 6 May 2015 2 1,3,6,8,9,15 32 2.6
Total 2 B 32 2.6
3348 PKS 0500+019† 4 Feb 2017 2 2,3,4,5,6,10,12,13, 14 0.7
Total 2 14,19,24,26,27,28 A 14 0.7
1096 PKS 0528-250 14 Nov 2014 3 1,3,6,8,9,15 27 3.3
Total 3 B 27 3.3
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Table 5.4: Continued.
ObsID Source Date tint Antenna numbers Flag σchan στ
hr mJy beam−1 %
2146 PKS 0834-19 15 Aug 2015 3 1,3,6,8,15 34 0.5
3317 12 Dec 2015 3 1,3,6,8,15 33 0.4
3321 13 Dec 2015 3 1,3,6,8,15 34 0.5
Total 9 C 22 0.3
1999 PKS 1213-17 26 Jun 2015 3 1,3,6,8,15 37 2.1
3574 13 Feb 2016 3 1,3,8,15 43 2.0
Total 6 B 23 1.2
1147 3C275 22 Nov 2014 2 1,3,6,8,9,15 32 0.5
1150 23 Nov 2014 2 1,3,6,8,9,15 32 0.5
Total 4 C 19 0.3
2266 4C+03.30 31 Jul 2015 3 1,3,6,8,15 30 0.8
Total 3 A 30 0.8
3500 4C+04.51 25 Jul 2015 5 1,3,8,15 24 0.6
Total 5 B 24 0.6
2640 PKS 1622-253 28 Sep 2015 3 1,3,6,8,15 30 1.7
3178 22 Nov 2015 3 1,3,6,8,15 44 2.0
3318 12 Dec 2015 5 1,3,6,8,15 28 1.1
Total 11 A 16 0.8
2108 PKS 1829-718 12 Jul 2015 5 1,6,8,15 34 1.0
2674 30 Sep 2015 6 1,3,6,8,15 22 0.6
2695 6 Oct 2015 4.5 1,3,6,8,15 27 0.7
Total 15.5 A 14 0.4
2120 PKS 1936-623 13 Jul 2015 4 1,3,6,8,15 37 1.8
3179 22 Nov 2015 4 1,3,6,8,15 32 2.0
Total 8 C 28 1.4
557 PKS 2032-35 5 Sep 2014 3 1,3,6,8,9,15 37 0.4
1096 14 Nov 2014 3 1,3,6,8,9,15 25 0.3
Total 6 A 18 0.2
2657 PKS 2140-81 29 Sep 2015 4 1,3,6,8,15 27 2.7
Total 4 A 27 2.7
632 PKS 2150-52 15 Sep 2014 3 1,3,6,8,9,15 27 0.5
2503 4 Feb 2016 2 1,3,8,15 100 1.9
Total 5 A 16 0.3
2330 4C+01.69 8 Aug 2015 4.5 1,3,6,8,15 38 1.0
Total 4.5 A 38 1.0
2339 PKS 2307-282 11 Aug 2015 5 1,6,8,15 29 1.7
Total 5 B 29 1.7
557 PKS 2323-40 5 Sep 2014 3 1,3,6,8,9,15 36 0.7
1757 6 May 2015 3 1,3,6,8,9,15 23 0.5
Total 6 A 21 0.4
2327 [HB89] 2329-162 7 Aug 2015 5 1,6,8,15 35 3.7
Total 5 B 35 3.7
633 PKS 2331-41 15 Sep 2014 3 1,3,6,8,9,15 29 0.3
Total 3 A 29 0.3
2718 PKS 2333-528 13 Aug 2015 4 1,3,6,8,9,15 29 1.4
3181 22 Nov 2015 3 1,3,6,8,9,15 56 2.6
Total 7 B 20 0.9
2327 PKS 2337-334 7 Aug 2015 4 1,3,6,8,9,15 34 2.0
Total 4 C 34 2.0
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Table 5.5: Derived optical depth and HI column density upper limits and values for our sources
observed with ASKAP-BETA. We give the total integration time, median flux density measured
in the ASKAP band, the observed/upper limit peak optical depth at five times the optical depth
sensitivity given in Table 5.4 (5στ ), velocity integrated optical depth (assuming a FWHM of
30 km s−1), and HI column density multiplied by a covering factor f (assuming a spin tem-
perature of 100 K) sensitivity. These values are typical of other HI absorption detections and
studies. Details for PKS 1740-517 and PKS 2008-068 are from Allison et al. (2015) and Moss
et al. (2017) respectively.
# Source tint Smed τobs,peak
∫
τobsdv NHIf Notes
hr Jy km s−1 cm−2
1 PKS 0008-42 12 7.03 <0.006 <0.35 <6.5× 1019
2 PKS 0022-423 13.5 2.07 <0.041 <1.03 <1.9× 1020
3 PKS 0042-35 8 3.65 <0.026 <0.64 <1.2× 1020
4 PKS 0114-21 7.5 7.14 <0.014 <0.28 <5.1× 1019
5 3C038 10 7.67 <0.015 <0.46 <8.5× 1019
6 PKS 0235-19 3 5.91 <0.011 <0.33 <6.0× 1019
7 PKS 0252-71 22.5 10.02 <0.005 <0.15 <2.8× 1019
8 PKS 0402-362 9 0.91 <0.138 <3.74 <6.8× 1020
9 PKS 0408-65 3 29.00 <0.005 <0.12 <2.3× 1019
10 PKS 0420-01 2 2.86 <0.084 <2.12 <3.9× 1020
11 3C118 8.5 2.16 <0.051 <1.72 <3.1× 1020
12 PKS 0457+024 2 1.22 <0.131 <1.88 <3.4× 1020
13 PKS 0500+019 2 1.88 0.037 3.7 6.7× 1020
14 PKS 0528-250 3 0.81 <0.166 <2.13 <3.9× 1020
15 PKS 0834-19 12 7.33 <0.015 <0.36 <6.5× 1019
16 PKS 1213-17 6 1.89 <0.061 <1.74 <3.2× 1020
17 3C275 4 5.94 <0.016 <0.50 <9.1× 1019
18 4C+03.30 3 3.66 <0.041 <0.81 <1.5× 1020
19 4C+04.51 5 4.29 <0.028 <0.59 <1.1× 1020
20 PKS 1622-253 11 2.05 <0.039 <1.05 <1.9× 1020
21 PKS 1740-517 26.4 8.15 0.204 2.7 5.0× 1020 Allison et al. (2015)
21 PKS 1829-718 15.5 3.50 0.246 27.4 5.0× 1021
22 PKS 1936-623 8 1.97 <0.071 <1.99 <3.6× 1020
24 PKS 2008-068 15.5 3.04 <0.028 <0.88 <1.6× 1020 Moss et al. (2017)
23 PKS 2032-35 6 8.18 <0.011 <0.34 <6.2× 1019
24 PKS 2140-81 4 3.86 <0.035 <1.03 <1.9× 1020
25 PKS 2150-52 5 5.71 <0.014 <0.38 <6.9× 1019
26 4C+01.69 4.5 3.80 <0.050 <1.14 <2.1× 1020
27 PKS 2307-282 5 1.77 <0.082 <2.68 <4.9× 1020
28 PKS 2323-40 6 5.01 <0.021 <0.56 <1.0× 1020
29 [HB89] 2329-162 5 1.30 <0.134 <3.02 <5.5× 1020
30 PKS 2331-41 3 9.06 <0.016 <0.41 <7.4× 1019
31 PKS 2333-528 7 2.17 <0.046 <1.38 <2.5× 1020
32 PKS 2337-334 4 1.70 <0.100 <1.73 <3.2× 1020
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Figure 5.4: Optical spectrum taken with GMOS-S on Gemini South of PKS 1829-718 (proposal
code GS-2017B-Q-63, PI Ellison). We observe strong [O II], [O III] and Hβ emission lines,
identifying the galaxy as a high-excitation radio galaxy. We find a redshift of z = 0.53467 from
fitting with a high redshift star forming galaxy template within the MARZ program (Hinton
et al., 2016). This confirms that the HI absorption we detect is associated with the host galaxy
of the radio AGN. The gray shaded area shows indicates the location of the chip gap. Some
night sky lines are seen in the spectrum, such as at 5,577 angstroms.
Table 5.5. We also give the inferred values for parameters made in modelling the HI absorption
detected via Allison et al. (2012b) in Table 5.6.
5.4.1 Individual HI absorption detections
5.4.1.1 PKS 1829-718
We made a new detection towards PKS 1829-718 centred at redshift zabs = 0.536. This radio
source had no prior redshift information, with at best a possible optical identification made at
∼23 mag (Costa, 2001). The photometric redshift indicator method of Glowacki et al. (2017b)
(Table 5.3) predicts a W1 median redshift of z = 0.57, which suggests the HI absorption we
detect is associated with the host galaxy. This was identified to be a high-excitation radio galaxy
from its WISE mid-infrared colour information. However, an upper-limit in the W3 magnitude,
attributed to confusion with a nearby source, affects the reliability of the radio classification and
redshift probability distribution. The 68% redshift confidence interval was 0.37 < z < 0.77
(Table 5.3). The source was identified as a GPS source in Callingham et al. (2017) with a peak
frequency near 1 GHz, which indicates a linear extent of <1 kpc.
We model the HI absorption features detected towards PKS 1829-718 as a superposition
of Gaussian profiles and determine the best fitting line parameters (number of components
and marginal distributions) through a Bayesian approach, as in Allison et al. (2015) and ref-
erences therein (Figure 5.5). We identify two deep absorption features at the redshift z = 0.536
best modelled through three Gaussian components, and two shallower blueshifted components
(Table 5.6) at z ∼ 0.535. The peak and integrated optical depths of the HI absorption are
0.249 ± 0.004 and ∫ τdv km s−1 = 27.4 ± 0.3, respectively. Assuming a spin temperature of
100 K as in Allison et al. (2015) and Moss et al. (2017), and a covering factor of 1 (motivated by
the compact size of the radio source), we obtain a column density of 5.0 × 1021 cm−2. We note
that the column density of the shallower components alone (components 4 and 5 of Figure 5.5)
would give a column density of roughly 5 × 1020 cm−2.
To confirm the galaxy redshift, we sought optical spectroscopic follow-up. We obtained
long-slit optical spectra for PKS 1829-718 in a 2-hour observation on 21 August 2017 with
the Gemini Multi-Object Spectrograph-South (GMOS-S) with Gemini South. The optical spec-
trum is shown in Figure 5.4. Through the Manual and Automatic Redshifting Software program
(MARZ; Hinton et al., 2016), we find a best fit with the high redshift star forming galaxy tem-
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Figure 5.5: The HI absorption detection made towards PKS 1829-718. The top panel shows
the data following subtraction of the best-fitting continuum model (grey), and the best-fitting
multiple Gaussian spectral-line model (black) as given in Table 5.6. The individual components
are displayed in green. The red line in the bottom panel represents the residuals of the data
after subtraction of this model fit. The spectrum is centred on the optical spectroscopic redshift
obtained of z = 0.53467.
.
plate. We identify strong [O II], [O III] and Hβ emission lines, typical of high-excitation radio
galaxies. Through the template fit we obtain a systemic redshift of z = 0.5347 ± 0.0004, with a
maximum cross-correlation value of 12.340 (a measure of the agreement of the template fit with
the optical spectrum). We therefore conclude that the HI absorption seen towards PKS 1829-
718 is intrinsic to the host galaxy of the radio AGN, and that the associated gas and dust is the
source of quasar reddening.
Figure 5.5 is centred on the optical spectroscopic redshift. This aligns with Gaussian com-
ponent 5 (Table 5.6), which could be gas associated with the circumnuclear disc. The remaining
absorption features are redshifted up to ∼350 km s−1; that is, moving away from the observer
towards the nucleus. These may be smaller gas clouds separate from component 5 and the
circumnuclear disc, infalling toward the AGN. Considering the high peak optical depth and
HI column density measured, we may be also looking through the full circumnuclear disk to-
wards the radio quasar, which is the source of obscuration of this optically faint source. Further
multi-wavelength follow-up will aid our interpretation.
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Figure 5.6: The HI absorption detection made towards PKS 0500+019, centred here at
z = 0.58457 as in Carilli et al. (1998). We do not recover the asymmetric absorption pro-
file seen in Carilli et al. (1998) (blue dashed components). We instead find a single Gaussian
component (green) to be the best fit to our observation.
5.4.1.2 PKS 1740-517
The HI absorption detected toward PKS 1740-517 was first reported and analysed by Allison
et al. (2015), and confirmed to be associated. This is a GPS source peaking around 1 GHz
(middle panel of Figure 5.2). Like PKS 1829-718, PKS 1740-517 lacked optical spectroscopic
redshift information prior to our HI detection, here attributed to a densely populated foreground
from the Galactic plane.
A photometric redshift estimate of z = 0.63 was obtained from the R-band magnitude of
20.8 mag by Burgess & Hunstead (2006a), but the radio source redshift was confirmed to be
at z = 0.44 following our BETA observations through optical follow-up (Allison et al., 2015).
The HI absorption was found to be associated with the radio source. As verification of the
photometric redshift indicator method of Glowacki et al. (2017b) employed in Section 5.2.3,
we used the WISE mid-infrared information to obtain a redshift probability distribution. The
agreement of the peak at z ∼ 0.44 with the since-confirmed redshift of the radio source bodes
well for the accuracy of this method.
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Table 5.6: The inferred values for parameters from fitting a multiple Gaussian spectral-line
model for the HI absorption towards PKS 1829-718, and the single Gaussian model fitted to
PKS 0500+019. zcentre is the redshift of the centre of the absorption component assuming a
heliocentric standard-of-rest (HSR) frame; ∆vFWHM,i is the FWHM; (∆S/Scont)peak is the peak
continuum depth as a fraction of the continuum flux density; and R is the natural logarithm of
the ratio of probability for this model versus the no spectral-line model (the Bayes odds ratio).
This ratio was used to determine the number of components which best fitted the HI absorption.
Features are in order of decreasing redshift; that is, from right to left of Figure 5.5 and 5.6. The
parameters quoted for PKS 1740-517 come from Allison et al. (2015).
Source name zcentre ∆vFWHM,i 1σ error (∆S/Scont)peak 1σ error R
(km s−1) (km s−1) (%) (%)
PKS 0500+019 0.5848 126 +36−31 2.8
+0.8
−0.8 2.9±0.1
PKS 1740–517 0.4418 54 +5−5 0.9
+0.1
−0.1 2868.19±0.3
0.4413 5 +1−1 20.4
+0.5
−0.6
0.4412 8 +1−1 4.1
+0.3
−0.3
0.4406 338 +73−64 0.2
+0.1
−0.1
PKS 1829–718 0.5364 46 +1−1 24.6
+0.4
−0.9 5745.0±0.3
0.5361 26 +2−2 16.8
+1.0
−2.0
0.5360 70 +3−4 8.5
+0.8
−1.6
0.5350 22 +2−2 4.3
+0.4
−0.7
0.5347 89 +17−16 1.1
+0.2
−0.3
5.4.1.3 PKS 0500+019
This well-studied variable radio source was part of the Carilli et al. (1998) sample and detected
in HI absorption. Significant steepening observed in the optical spectral energy distribution
(SED) was consistent with very strong reddening (Stickel et al., 1996). It was also identified as
a GPS source peaking at 1 GHz by Callingham et al. (2017) (right panel of Figure 5.2).
Prior to this study, while emission and absorption features indicated a redshift of z = 0.58,
an unidentified emission line at higher redshift was also found toward this radio source (Stickel
et al., 1996). However, this feature was stated by Kollgaard et al. (1995) to be possibly spurious,
and the conclusion that the HI absorption system and radio source are indeed associated, rather
than PKS 0500+019 being a background quasar, has since been supported (e.g. Stanghellini
et al., 1997; de Vries et al., 1998).
We note that our 5-sigma optical depth sensitivity (the grey area in Figure B.13) from our
sole observation with ASKAP-12 is 3.7%, which is deeper than the optical depth of the shal-
lower component detected in Carilli et al. (1998) (∼2.7%). While we still redetect the HI ab-
sorption, we can only best model the re-detection with a single Gaussian component (Figure 5.6
and Table 5.6). The peak and integrated optical depths of the HI absorption are 0.028 ± 0.008
and
∫
τdv km s−1 = 3.7 ± 0.8, respectively. Assuming a spin temperature of 100 K, we obtain
a column density of 6.7 × 1020f cm−2. This is within errors of the value measured by Carilli
et al. (1998) of 6.2 × 1020 cm−2 (Figure 5.7). Similar residuals are obtained when subtracting
the Gaussian components given in Carilli et al. (1998) from our spectrum.
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Figure 5.7: The HI column density (assuming a spin temperature of 100 K) versus the flux
density of the source. Blue circles give our detections of HI absorption, and red triangles the
upper limits of our non-detections. Green squares are the Carilli et al. (1998) detections, and
the green triangle the non-detection from the same study. Detection points within the yellow
rectangle are the NHI measurements of PKS 0500+019, observed both by us and Carilli et al.
(1998). The two measurements agree well. The non-detection upper limit in Carilli et al. (1998)
is adjusted to give the 5-sigma upper limit, as with our upper limits, but retains the original
assumed FWHM of 29 km s−1. Our upper limits here assume a FWHM of 30 km s−1.
5.5 Discussion
5.5.1 HI absorption detection rate
5.5.1.1 Comparison with Carilli et al. (1998)
Our detection rate is significantly lower than the 80% detection rate found in the 5-sample study
by Carilli et al. (1998). The probability of finding four detections out of five, given our 10.7%
detection rate for optically faint radio quasars, is 0.06% (a corresponding p-value of 0.00001).
To investigate this discrepancy, in Figure 5.7 we plot the HI column density measurements (blue
circles) and upper limits from the 5σ optical depth sensitivity of the spectra (red triangles) with
the median measured flux density (see Table 5.5). These are compared with the HI detections
reported in Carilli et al. (1998) (green squares) which have the same spin temperature and no
covering factor assumed for the comparison. We find that a few sources in our sample with no
detections have a similar or lower HI column density sensitivity to some of the detections made
in both Carilli et al. (1998) and our study. This indicates that we were not sensitive enough
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in this early commissioning survey to detect HI in some of these sources, and that the Carilli
et al. (1998) study is significantly deeper than ours. This may have hence diminished our HI
absorption detection rate.
We were initially unable to re-detect the known HI absorption system towards PKS 0500+019
(Carilli et al., 1998) with ASKAP-BETA due to correlator block failures at the HI absorption
redshift, motivating our observation with ASKAP-12. While this was the only source whose
ASKAP-BETA observations had corrupted chunks at the known spectroscopic redshift for the
host radio galaxy, it still limits the chance to detect intervening HI absorption towards sources in
the full sample. This contributes to our lower HI detection rate. Lastly, it is possible that despite
our photometric redshift estimates, some sources without spectroscopic redshift information
were below the z < 0.4 lower limit of our survey.
All these factors must hence be considered in the comparison of the detection rates between
our survey and that by Carilli et al. (1998). Nonetheless, it does appear that the 80% HI ab-
sorption detection rate found by Carilli et al. (1998) towards reddened quasars is rather unusual.
It is possible that for the entire optically faint radio quasar population there is not as large a
percentage with significant quantities of cold neutral gas as indicated by the Carilli et al. (1998)
study. Further analysis of the full HI absorption surveys with ASKAP, MeerKAT and Apertif,
specifically towards obscured radio AGN, is necessary to further investigate this.
5.5.1.2 Non-detections in the WISE selected sub-sample
No HI absorption detection was made towards sources within the WISE selected sub-sample.
Assuming a binomial probability equal to the 10.7% (± 5.8%) detection rate found for the
optically selected sub-sample of 28 sources, we find a 23% probability of zero detections to
occur in the WISE-selected sub-sample of 13 sources, or a p-value of 0.21. In using the upper
and lower errors of our HI detection rate, we arrive at probabilities of 9.5% to 52% of no
detections to be made; the lowest p-value found is then 0.11. This result is not statistically
significant with this sample size.
We nonetheless discuss a few possible factors that could have contributed to the lack of
detections in this sub-sample. One is that by selecting only WISE sources with spectroscopic
(8) or photometric (5) redshift estimates within the redshift range 0.4 < z < 1, we introduce
a bias against either selecting quasars which are as obscured as the optically faint sub-sample,
or higher redshift targets for intervening absorption. This hence may mean these sources in
the WISE selected sub-sample have less obscuring dust, and cold gas associated with this dust,
along the line of sight. To account for this potential bias, we repeat the calculation for all 19
sources with WISE colour of W2–W3 ≥ 3.5 (Table 5.1 and Figure 5.1), regardless of whether
the source has no redshift information (1 source) or a redshift z > 1 (5 sources). We find a 11.6%
probability of making no HI absorption detections towards these 19 sources when assuming
the 10.7% detection rate, which has a corresponding p-value of 0.13; i.e. still a statistically
insignificant result.
Another consideration is that the W2-W3 colour selection was ultimately not a good way
to select obscured quasars with cold neutral gas within their host galaxies. Truebenbach &
Darling (2017) illustrates the various different WISE colour selection methods for AGN and the
prevalent difficulties without consideration of extra wavelength information. We again note that
we may not have been sensitive enough for a few sources to detect HI absorption, or hampered
by the occasional correlator block failure. Larger sample sizes, that will be available through
the upcoming full FLASH survey, will be necessary to properly investigate the importance of
the WISE mid-infrared colour properties of the HI detections and non-detections.
126 CHAPTER 5. ASKAP HI ABSORPTION SURVEY TO OBSCURED QUASARS
5.5.1.3 Non-detections towards the z > 1 sources
No HI absorption detection was made toward the 10 sources with known spectroscopic redshifts
above z = 1 (bottom segment of Table 5.1). We investigate whether this result is unusual.
The number density of intervening DLA systems with a column density NHI > 2×1020 cm−2
(Storrie-Lombardi & Wolfe, 2000) is
dN
dz
= 0.055 (1 + z)1.11. (5.1)
For the redshift range 0.4 < z < 1, we expect a HI absorption detection rate of 6% due to
DLA absorbers along a single random sightline to a radio AGN. As the binomial probability
for no detections to be made is ∼54% (p-value of 0.45) for 10 distinct sightlines to radio-bright
AGN, this result is consistent with this probability.
There are some caveats to this calculation. For instance, we were able to search for inter-
vening HI absorption towards sources with a known redshift 0.4 < z < 1; the redshift space
we could search is merely smaller as we cannot search beyond the redshift of the radio AGN.
Likewise, if the sources without spectroscopic redshifts did have redshift values of z > 0.4, they
were also successfully searched for intervening HI absorption, albeit up to a currently unknown
redshift limit (which hampers the ability to repeat the calculation for the full sample). There-
fore, we may have been unlucky to not detect intervening HI absorption towards any of our
sources. We note that our two previously unknown HI absorption detections were only verified
to be associated from optical follow-up.
Conversely, our survey was not necessarily sensitive enough. We find that 4 sources with
z > 1 out of 10 had upper limits NHI > 2×1020 cm−2 (assuming a spin temperature of 100 K).
This increases to 9 sources if we assume a greater FWHM of 100 km s−1 (compared to 30 km s−1).
We note that this higher value is more commonly seen for associated HI absorption than inter-
vening cases (Curran et al., 2016b). As higher column density DLAs are rarer, we have a lower
effective detection rate (e.g. ∼5% for NHI > 1×1021 cm−2, from integration of equation 6 in
Noterdaeme et al. (2009)). We were also unable to detect HI absorption within blocks affected
by correlator block errors (Section 5.3). These issues when considered together lower the prob-
ability to detect intervening HI absorption. Nonetheless, we obtained upper limits on the HI
column density of these galaxies searched purely for intervening gas, which can be used to
inform models of the DLA distribution with redshift. Further HI observations during ASKAP
early-science commissioning and beyond will aid out understanding of dusty intervening galax-
ies, and the distribution of cold neutral gas in such galaxies.
We note that all three detections in this work includes shallow (<5%) absorption features.
Even when ignoring the presence of deeper absorption features (e.g. those seen for PKS 1740-
517 and PKS 1829-718) and only considering the column densities of these shallow features, the
above statistical analysis does not change significantly. We also note that linefinder tool used in
the analysis (Allison et al., 2012b) was able to detect these broad shallow features, including in
previous work. In Allison et al. (2012a) a tentative broad, shallow feature was detected solely
through the linefinder, and this was verified in follow-up observations (Allison et al., 2013).
The linefinder tool will continue to support future ASKAP spectral line work.
5.5.2 SED properties
All three radio sources in which we detect HI are GPS sources in Callingham et al. (2017) at
around 1 GHz (Figure 5.2). As GPS radio sources are believed to be young or re-triggered,
and PKS 1740-517 has an estimated radio activity age of 2,500 years (Allison et al., 2015), we
find support for the galaxy evolution model in Hopkins et al. (2006) which postulates that such
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obscured galaxies represent a short transitionary stage in galaxy evolution during which the
AGN has only recently switched on (Glikman et al., 2012). That is, we detect HI associated
absorption towards obscured radio quasars likely to be young, frustrated or re-triggered AGN.
Of our 12 GPS sources in the sample, four are at a redshift of z > 1, although with
PKS 0008-42 we were able to still search for associated absorption by using a lower frequency
(Figure B.1). We have no spectroscopic redshift information for PKS 2333-528 but assume it
lies within the redshift range 0.4 < z < 1 from photometric redshift estimation (Table 5.3). We
hence have a 33% HI associated absorption detection rate towards GPS sources. Including the
CSS sources not known to be at z > 1 excluding PKS 0008-42 (which we searched for asso-
ciated HI absorption), we find a 14% associated detection rate, although this assumes the 11
other radio quasars in our sample without spectroscopic redshifts lie between 0.4 < z < 1. If
we exclude these, the detection rate becomes 27%.
Our detection rate agrees with that of other studies towards compact sources, including GPS
and CSS selected samples (e.g. with detection rates of ∼10 - 40% in Vermeulen et al., 2003;
Gupta et al., 2006; Chandola et al., 2011; Glowacki et al., 2017a). Our detections made towards
the GPS sources also support the findings of Maccagni et al. (2017), who find a higher HI
detection rate towards compact radio galaxies (32% versus 16% for the extended sources within
their sample). Our GPS sources could be oriented such that the line of sight goes through the
dusty torus, hence increasing our chance of detecting HI absorption. A consideration of the
radio SED (Callingham et al., 2017) and linear extent, as well as available optical and mid-
infrared information, is important for future searches of HI absorption in AGN obscured by
material in the host galaxy.
Gere´b et al. (2015) and Glowacki et al. (2017a) found shallow (optical depths < 5%), broad
(FWHM upward of 100 km s−1) and disturbed (asymmetric) HI absorption systems associated
with compact radio galaxies at lower redshift (0.02< z < 0.23 and 0.04< z < 0.1 respectively).
Likewise, we find shallow absorption features (< 5%) in all three of our detections, and two
with asymmetric HI absorption features for PKS 1740-517 and PKS 1829-718. This supports
the hypothesis of Gere´b et al. (2015) that the cold neutral medium in compact radio galaxies is
kinematically disturbed by the AGN.
Only two of the four detections made by Carilli et al. (1998) towards reddened quasars had
absorption features with optical depths below 5%. We therefore see a higher percentage of
shallow absorption features in our HI absorption detections. Three of the four HI absorption
detections in Carilli et al. (1998) are asymmetric. Blue-shifted and asymmetric HI absorption
features were also seen in the single detection reported in Ishwara-Chandra et al. (2003), who
proposed that the neutral gas was shocked by a radio jet. These combined results suggest
that obscured/potentially young radio AGN, through feedback processes, may have a disruptive
effect on the neutral star forming reservoir up to at least redshift z ∼ 1.
5.6 Conclusion
We conducted an early science HI absorption commissioning survey with the ASKAP-BETA
prototype array toward obscured quasars selected by either their optical obscuration or their
mid-infrared colour information. We searched for HI absorption that was associated with the
host galaxy of the AGN to investigate the impact of AGN feedback on the cold neutral gas. For
some sources we could only search for intervening HI absorption (e.g. gas intervening DLAs
along the line of sight), which is an alternate cause for obscuration of the background radio
quasar. Lastly, for some sources observed we had no prior redshift information.
We report three HI absorption detections, one toward PKS 1829-718 that was previously un-
known, and another toward PKS 1740-517 (Allison et al., 2015). All three detections are made
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towards sources selected by optical faintness, and we see no HI absorption towards sources
selected by their WISE mid-infrared colours. However, the lack of detections in the WISE se-
lected sub-sample is not yet statistically significant, and further analysis during early science
commissioning with ASKAP-12 and the full FLASH survey is required.
In considering the literature and through optical follow-up, we find that the detected HI
absorption is associated with the host galaxy of the AGN in each case, and hence that these
AGN are obscured by material in the host galaxy, e.g. a dusty torus formed following a galaxy
merger event. These results agree with the redshift probability distributions generated through
the method of Glowacki et al. (2017b), suggesting that this tool has merit in analysis of future
HI detections made with ASKAP.
We do not detect any HI absorption towards our higher redshift targets (z > 1). This is
not necessarily unexpected given the predicted number of DLAs along the line of sight for our
redshift range of 0.4 < z < 1. Other factors which contributed to this include the occasional
correlator block error resulting in corrupted segments of the spectrum, and for some targets
limited integration time resulting in higher optical depth limits, and corresponding higher HI
column density upper limits (Table 5.4).
All detections are made towards GPS sources, and we find a 33% HI associated absorption
detection rate towards the GPS sources in our sample. These GPS sources are compact in
linear extent and believed to be young or re-triggered in their AGN activity. We also find
shallow and asymmetric HI absorption features in our survey, as seen in Carilli et al. (1998)
and Ishwara-Chandra et al. (2003) towards red quasars, and low redshift studies towards young
radio AGN, suggesting that the host AGN is disturbing the neutral star-forming reservoir during
this obscured stage.
The full FLASH survey, alongside other future all-sky HI absorption studies (MALS and
SHARP), will better increase our HI statistics. This in turn will improve our understanding of
the impact of the radio AGN on its cold gas, and its evolution with redshift, during this crucial
transitional stage in galaxy evolution. Intervening HI absorption studies alongside the other
ASKAP survey science projects will increase our understanding of the obscured radio AGN
population missed in optically selected samples, and of the distribution of cold neutral gas with
redshift.
Acknowledgements
We thank Samuel Hinton and Nicholas Scott for useful discussions. Parts of this research
were conducted by the Australian Research Council Centre of Excellence for All-sky As-
trophysics (CAASTRO) and the Australian Research Council Centre of Excellence for All
Sky Astrophysics in 3 Dimensions (ASTRO 3D), through project numbers CE110001020 and
CE170100013 respectively. We gratefully acknowledge and thank the ASKAP commission-
ing team for the use of BETA when time was available, thus enabling the studies described in
this paper. The Australian SKA Pathfinder is part of the Australia Telescope National Facility
which is managed by CSIRO. Operation of ASKAP is funded by the Australian Government
with support from the National Collaborative Research Infrastructure Strategy. ASKAP uses
the resources of the Pawsey Supercomputing Centre. Establishment of ASKAP, the Murchi-
son Radio-astronomy Observatory and the Pawsey Supercomputing Centre are initiatives of
the Australian Government, with support from the Government of Western Australia and the
Science and Industry Endowment Fund. We acknowledge the Wajarri Yamatji people as the
traditional owners of the Observatory site.
This research has made use of the NASA/IPAC Extragalactic Database (NED) which is
operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract
5.6. CONCLUSION 129
with the National Aeronautics and Space Administration. This publication makes use of data
products from the Wide-field Infrared Survey Explorer (Wright et al., 2010), which is a joint
project of the University of California, Los Angeles. We also acknowledge use of APLpy,
an open-source plotting package for Python hosted at http://aplpy.github.com, and Astropy, a
community-developed core Python package for Astronomy (Astropy Collaboration, 2013). This
work includes observations obtained at the Gemini Observatory, which is operated by the Asso-
ciation of Universities for Research in Astronomy, Inc., under a cooperative agreement with the
NSF on behalf of the Gemini partnership: the National Science Foundation (United States), the
National Research Council (Canada), CONICYT (Chile), Ministerio de Ciencia, Tecnologı´a e
Innovacio´n Productiva (Argentina), and Ministe´rio da Cieˆncia, Tecnologia e Inovac¸a˜o (Brazil).

CHAPTER
6
Thesis Summary and Future Work
The First Large Absorption Survey in HI (FLASH) will improve on previous studies by over
two orders of magnitude by number of sightlines to radio-bright continuum sources searched.
FLASH will hence greatly increase our understanding of the evolution of the cold neutral gas
content with redshift, and the impact radio AGN has on the material from which stars form.
The primary aim of this thesis was to aid the FLASH project’s development during early science
commissioning stage with ASKAP, and to investigate what we could learn from the full FLASH
survey about the impact of obscured AGN on the neutral cold gas content of their host galaxy.
Here I present a summary of the main results, and the prospects for future work.
6.1 Techniques developed
6.1.1 Target selection
There was a need to collate existing radio surveys and other multi-wavelength studies to aid
target selection with the ASKAP prototype telescope for early science commissioning work.
In Chapter 2, I presented a working and publicly available website (www.physics.usyd.
edu.au/askap_targets/) that allows users to access information of radio sources in
all-sky radio catalogues, and view radio images. Additionally, users can access additional
multi-wavelength information (e.g. mid-infrared images and information from WISE, and var-
ious data from the NASA Extragalactic Database (NED) including redshifts and spectral en-
ergy distributions, both necessary considerations in target selection for FLASH commissioning
projects). Numerous search queries and functions have been developed based on demand, and
the existence and structure of the database and website allows further development to continue
as needed.
Since its creation, the website has been used by the FLASH team for target selection (e.g.
Allison et al., 2015; Moss et al., 2017, Chapter 5, Sadler et al., in prep, Mahony et al., in prep).
It will continue to be used in early science and for analysis of sources of interest (i.e. those
detected to have HI absorption) during the full FLASH survey. Its potential for use extends
beyond that of the FLASH survey, and features requested and implemented have already come
from outside of the FLASH team (e.g. a multi-object search feature; private communication
with Amy Kimball).
131
132 CHAPTER 6. THESIS SUMMARY AND FUTURE WORK
6.1.2 Redshift estimation
Another important tool for FLASH was developed to, for example, discern between two cases of
HI absorption: associated (HI gas within the host galaxy of the AGN; ergo, obscuring material is
surrounding around the AGN) and intervening (within a separate galaxy along the line of sight to
the background radio source). This is particularly important for radio sources without an optical
spectroscopic redshift, which is an issue for many radio AGN in the southern hemisphere sky
(due to a lack of deep all-sky optical spectroscopic surveys), and the dust-obscured AGN.
In Chapter 4 I presented a new method for estimating the redshift for radio AGN, us-
ing the LARGESS sample as a training set and the WISE mid-infrared magnitude informa-
tion. Quadratic logarithmic fits were made to WISE magnitude versus redshift relations using
LARGESS data. In addition, this method assigns a probability to the radio source belonging
to a population of either low-excitation/high excitation radio galaxies (LERGs and HERGs)
or quasi-stellar objects (QSO), and then generates a redshift probability distribution which is
weighted by the classification probabilities. This method better takes into consideration the
full range of potential redshifts and the mid-infrared colour information available compared to
single magnitude relations with redshift.
The code is publicly accessible (https://github.com/marcinglowacki/wise_
redshift_estimator). The redshift estimates compare favourably with samples of radio
AGN with spectroscopic redshift information such as the sample studied in Best & Heckman
(2012) and the CENSORS survey (Brookes et al., 2008). Additionally, in Chapter 5, we find
good agreement with the most likely redshift value and the redshift of detected HI in optically
obscured quasars (either the HI redshift or that in combination with optical spectroscopy), in-
forming us that in these cases the obscuring material is within the host galaxy of the AGN. This
tool will be used during analysis of the full FLASH survey. It will also assist other current
and upcoming large radio surveys with SKA pathfinders and the SKA itself, such as continuum
surveys (e.g. EMU and MIGHTEE; Norris et al., 2011; Jarvis et al., 2017).
6.2 HI absorption pilot surveys
6.2.1 Survey of nearby compact radio galaxies
Chapter 3 presented the results of a HI absorption survey towards 66 compact, core-dominated
nearby (z < 0.1) radio sources selected from the AT20G catalogue. We examined the cold gas
content in the youngest and most recently triggered radio AGN within the local Universe. We
made seven detections of HI gas in absorption.
We saw mostly disturbed gas kinematics among our detections of HI absorption in compact
core radio galaxies, indicating that young or recently re-triggered AGN create outflows (jets)
that disrupt the interstellar medium within these galaxies, in agreement with Gere´b et al. (2015)
and Maccagni et al. (2017). In combining multi-wavelength information (optical, mid-infrared
and X-ray) with our survey, we found shallow and broad (> 100 km s−1) HI absorption compo-
nents in LERGs, and narrow features near the optical spectroscopic redshift in HERGs, in line
with the result by Chandola & Saikia (2017). This is attributed to the different gas-accretion
histories of these radio galaxies. We also found different HI kinematics for objects in sepa-
rate regions of the WISE colour-colour diagram, where early-type galaxies had shallow and
broad absorption features, and late-type galaxies had deep narrow absorption features. This is
attributed to their different accretion histories and possible orientation effects.
Lastly, the soft X-ray was investigated. Absorbed X-ray sources with high column densities
of elemental hydrogen appear to correlate with galaxies with detectable amounts of HI gas in
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absorption. Therefore, consideration of the soft X-ray properties may be a useful selection
proxy for detecting HI absorption. Such methods will be used in analysing the full FLASH
survey, and were already considered for early-science commissioning surveys with ASKAP-
BETA (e.g. soft X-ray absorption target selection as in Moss et al. (2017)).
Additionally, we applied a spectral line finder program (Allison et al., 2012b) on the sam-
ple. Two shallow and broad absorption features, with no associated narrow component, were
successfully detected with this tool (one since verified by Allison et al. (2013)). Such features
had not been detected in previous HI absorption surveys. This is particularly encouraging given
the large bandwidth of ASKAP (300 MHz) and number of sightlines to bright radio sources to
be targeted in the full FLASH survey.
6.2.2 Obscured quasars
Chapter 5 presented the results of a separate HI absorption survey towards dust obscured AGN
sample with ASKAP-BETA. This targeted a higher redshift range to the sample in Chapter 3
(0.4 < z < 1). The mid-infrared colour properties were considered in the selection of the
sample, alongside an optical faintness selection, both from an existing radio catalogue (Ku¨hr
et al., 1981). Here we reported a total of three HI detections in a sample of 34, two unknown
prior to the ASKAP-BETA observations. Each of the detections had shallow and asymmetric
kinematics, which indicates that radio AGN during this stage of galaxy evolution are disturbing
the cold neutral gas in their host galaxies. We examined the potential redshifts of optically faint
sources in our sample through the photometric redshift estimator presented in Chapter 4, and
verified its accuracy for the HI detections.
We found that our detections were made towards compact and young or recently re-triggered
radio AGN, as all three radio galaxies with HI detections were found to be Gigahertz Peaked
Spectrum (GPS) sources. This agrees with galaxy evolution simulations which postulate ob-
scured AGN have only recently ‘switched on’ (Hopkins et al., 2006). A combination of low-
frequency information from the Murchison Wideband Array (MWA) with the full FLASH sur-
vey will aid future analysis of radio galaxies.
6.3 Future work
6.3.1 Expansion on techniques
Both the website and redshift estimator tools can be expanded upon as the first observations of
the full FLASH survey nears. Early science commissioning work with the ASKAP-12 array
will influence what features are added to the former. The website shall continue to be hosted on
the University of Sydney network, and hence has scope to be further expanded and improved
upon in future work. This can be undertaken by FLASH team members at the same institute, or
through members with access to the network.
Potential updates include added functionality to the SED fitting (e.g. power-law fits). This
will be particularly useful when the low-frequency data from the Murchison Widefield Array
GLEAM survey (Hurley-Walker et al., 2017) is incorporated. Such low-frequency data can
better inform us on the linear extent and age of the radio source, and the origin of the radio
emission.
Other areas that can be expanded include image display from other multi-wavelength sur-
veys (e.g. taking advantage of the additional surveys available on the IPAC image mosaic
service, and optical images from the SuperCOSMOS survey). This, paired with photometric in-
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formation from optical surveys like SuperCOSMOS, can be used in combination with the WISE
photometric redshift estimator tool developed in Chapter 4. More reliable redshift estimations
can be derived from a combination of photometric methods. Lastly, additions of other radio
surveys and their respective catalogues that have recently come into fruition (e.g. the MWA
GLEAM survey) or have either begun observations or will gradually come into being (e.g.
EMU, the continuum survey for ASKAP) can be incorporated. These surveys will increase the
radio information that is readily available through the website.
The photometric redshift estimator tool can be extended through consideration of other
training sets besides the LARGESS sample (Ching et al., 2017). However, this is dependent
on such catalogues being made available, and existing surveys remain limited in their identi-
fication of LERG, HERG and QSO radio classifications, identified to be a key aspect of the
accuracy in estimation from the photometric magnitude in Chapter 4.
One direction that can be taken is the combination of the above method of using the WISE
photometric information with other data that is readily available for radio sources in the southern
sky, such as a consideration of the radio SED (e.g. Turner et al., 2017). This would increase
the accuracy of redshift estimation, enable verification of both methods, and further explore
the physical mechanisms from which these relations arise from. The overlap ASKAP surveys
shall have with NVSS, SUMSS, AT20G and the MWA GLEAM surveys gives good potential
for this approach. Sources with optical photometric information can also have separate redshift
estimation made through existing techniques (see introduction in Chapter 4).
6.3.2 FLASH
Local HI absorption studies of radio galaxies, including compact targets, have already since
been extended by Maccagni et al. (2017) following Glowacki et al. (2017a). The Search for
HI absorption with APERTIF (SHARP1) project will also greatly increase our statistics up to
redshift z ∼ 0.3, including for the compact core radio population.
The FLASH team will continue early science with ASKAP alongside other continuum and
spectral line surveys (e.g. EMU, WALLABY, DINGO). The full FLASH survey with all 36
antennas of ASKAP will probe 150,000+ sightlines to radio-bright continuum sources and is
expected to make over 1,000 HI absorption detections. This blind survey will greatly increase
not only our statistics and hence understanding of the AGN dynamics during the obscured stage,
but of the evolution of the neutral star-forming gas (Allison et al., 2016).
Crucial to the analysis of FLASH is multi-wavelength follow-up for sources we detect HI
absorption towards. As demonstrated in Chapter 3, information from the X-ray, optical and
mid-infrared band can better inform us on the mechanics of the AGN and its impact on the
star-forming fuel within the host galaxy. Multi-wavelength follow-up has been essential for the
interpretation for the first HI detection made by the FLASH team during early-science commis-
sioning (Allison et al., 2015). In Chapter 4 I demonstrated the use of the mid-infrared infor-
mation in estimating the redshift of radio AGN. In both Chapters 3 and 5 I used separate parts
of the radio wavebands in selection of targets and analysis of the HI detection rate. Surveys in
the gamma-ray, near-infrared and ultraviolet regimes are also of benefit to FLASH. Follow-up
programs and collaboration with users of other multi-wavelength facilities is vital.
Hydrodynamical simulations (such as those done in Wagner et al. (2012), and modelling of
the AGN dynamics and galactic disk, are the last pieces of the puzzle. Such studies of sources
detected in FLASH, tied with further spectral line surveys (such as CO spectral-line searches
with the Atacama Large Millimeter/submillimeter Array - ALMA - Allison et al., in prep),
1http://www.astron.nl/astronomy-group/apertif/science-projects/
sharp-search-hi-absorption-apertif/sharp
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and combined with studies both with other radio telescopes and across the electromagnetic
spectrum, will give us a full understanding of the impact of AGN on its host galaxy and the star
forming reservoir, and its role in galaxy evolution across redshift space.

APPENDIX
A
Redshift probability distributions for
dust-obscured quasars
Presented below are the redshift probability distributions for all the sources within Chapter 5
without spectroscopic redshifts (Table 5.3). These were generated using the method presented
in Chapter 4. The W1 (left panels) and W2 (right panels) photometries from the WISE survey
were used to give an indication of the redshift, following radio classification by the WISE
colour information. All radio AGN here were estimated to lie at z > 0.4, and therefore able to
be searched for HI absorption in the redshift range of the study (0.4 < z < 1).
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Figure A.1: Redshift probability density functions generated from the WISE magnitude in-
formation for radio sources searched toward for HI absorption which have no prior redshift
information (Table 2; see also second segment of Table 1). The distributions from the W1 (left)
and W2 (right) bands are given. PKS 1213-17 had no WISE data available but is thought to be
at high redshift given it is faint in both the optical and infrared regimes. We show the redshift of
the detected HI absorption toward PKS 1829-718 as a dashed vertical line, which agrees well
with the peak of the redshift probability distributions. The HI gas was later confirmed to be
associated with the radio galaxy (Chapter 5).
PKS0008-42
PKS0042-35
3C118
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Figure A.1: Continued.
3C275
PKS1829-718
PKS1936-718
140
APPENDIX A. REDSHIFT PROBABILITY DISTRIBUTIONS FOR DUST-OBSCURED
QUASARS
Figure A.1: Continued.
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Figure A.1: Continued.
PKS2307-282
PKS2323-40
PKS2333-528

APPENDIX
B
ASKAP Spectra
Presented below are the full set of co-added spectra from the HI absorption survey towards
obscured radio AGN with the ASKAP-BETA commissioning array (Chapter 5). Most obser-
vations were conducted between 711.5–1015.5 MHz. PKS 0008-42 was observed in a larger
frequency space (657.5–1015.5 MHz), while PKS 0500+019 was observed with the ASKAP-12
array between 799.5–1015.5 MHz. HI absorption detections were made in observations to-
wards PKS 0500+019 and PKS 1829-718. The HI absorption detection towards PKS 1740-517
was reported in Allison et al. (2015).
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Figure B.1: Averaged ASKAP-BETA spectrum for PKS 0008−42 based on 12 hr of observa-
tions. This combined spectrum includes observations taken in Band 0, which extended the
redshift range to z ∼ 1.175 (frequency range of 657.5–1015 MHz). This increased the signal-
to-noise within the common redshift range of 0.5 < z < 1 between all observations. The median
RMS noise per spectral channel is 8 mJy beam−1, corresponding to a 5σ optical depth sensi-
tivity of τ > 0.006. The chunk centred at ∼990 MHz is corrupted, which was a common error
encountered during observations. In this figure, and each figure following, the grey region
represents the 5σ noise level in that channel. The channel width is 18.5 km s−1.
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Figure B.2: Averaged ASKAP-BETA spectrum for PKS 0022−423 based on 13.5 hr of observa-
tions. The median noise per spectral channel is 17 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.041.
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Figure B.3: Averaged ASKAP-BETA spectrum for PKS 0042−35 based on 8 hr of observations.
The median noise per spectral channel is 19 mJy beam−1, corresponding to a 5σ optical depth
sensitivity of τ > 0.026.
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Figure B.4: Averaged ASKAP-BETA spectrum for PKS 0114−21 based on 7.5 hr of observa-
tions. The median noise per spectral channel is 20 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.014. The chunk centred at ∼990 MHz is corrupted, which was a
common error encountered during observations.
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Figure B.5: Averaged ASKAP-BETA spectrum for 3C038 based on 10 hr of observations. The
median noise per spectral channel is 23 mJy beam−1, corresponding to a 5σ optical depth sen-
sitivity of τ > 0.015. An increase in noise is seen in select chunks, due to correlator issues in
individual observations for this source.
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Figure B.6: Averaged ASKAP-BETA spectrum for PKS 0235−19 based on 10 hr of observa-
tions. The median noise per spectral channel is 13 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.011.
150 APPENDIX B. ASKAP SPECTRA
Figure B.7: Averaged ASKAP-BETA spectrum for PKS 0252−71 based on 22.5 hr of observa-
tions. The median noise per spectral channel is 10 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.005.
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Figure B.8: Averaged ASKAP-BETA spectrum for PKS 0402−362 based on 9 hr of observa-
tions. The median noise per spectral channel is 25 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.138. An increase in noise is seen at regular intervals throughout the
spectrum (every 4 chunks, e.g. at 1015 MHz) due to correlator issues in some observations,
resulting in a reduced optical depth sensitivity in these parts of the spectrum.
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Figure B.9: Averaged ASKAP-BETA spectrum for PKS 0408−65 based on 3 hr of observations.
The median noise per spectral channel is 29 mJy beam−1, corresponding to a 5σ optical depth
sensitivity of τ > 0.005.
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Figure B.10: Averaged ASKAP-BETA spectrum for PKS 0420−01 based on 2 hr of observa-
tions. The median noise per spectral channel is 48 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.084.
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Figure B.11: Averaged ASKAP-BETA spectrum for 3C118 based on 8.59 hr of observations.
The median noise per spectral channel is 22 mJy beam−1, corresponding to a 5σ optical depth
sensitivity of τ > 0.051. The chunk centred at ∼990 MHz is corrupted, which was a common
error encountered during observations.
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Figure B.12: Averaged ASKAP-BETA spectrum for PKS 0457+024 based on 2 hr of observa-
tions. The median noise per spectral channel is 32 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.131. The chunks centred at ∼1015 and 767 MHz are corrupted.
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Figure B.13: Averaged ASKAP-12 spectrum for PKS 0500+019 based on 2 hr of observations.
The frequency range for this observation is 799.5–1015 MHz. The median noise per spectral
channel is 69 mJy beam−1, corresponding to a 5σ optical depth sensitivity of τ > 0.037.
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Figure B.14: Averaged ASKAP-BETA spectrum for PKS 0528−250 based on 3 hr of observa-
tions. The median noise per spectral channel is 27 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.166. The noise increases at lower frequencies for this source’s sole
observation.
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Figure B.15: Averaged ASKAP-BETA spectrum for PKS 0834−19 based on 12 hr of observa-
tions. The median noise per spectral channel is 22 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.015. The chunks centred at ∼990, 885 and 880 MHz were corrupted,
and an increase in noise is seen in other chunks, due to correlator issues in individual observa-
tions for this source.
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Figure B.16: Averaged ASKAP-BETA spectrum for PKS 1213−17 based on 6 hr of observa-
tions. The median noise per spectral channel is 23 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.061. The chunk centred at ∼990 MHz is corrupted, which was a
common error encountered during observations.
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Figure B.17: Averaged ASKAP-BETA spectrum for 3C275 based on 4 hr of observations. The
median noise per spectral channel is 23 mJy beam−1, corresponding to a 5σ optical depth sen-
sitivity of τ > 0.016. An increase in noise is seen at regular intervals throughout the spectrum
(every 4 chunks, e.g. at 1015 MHz) due to correlator issues in some observations, resulting in
a reduced optical depth sensitivity in these parts of the spectrum.
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Figure B.18: Averaged ASKAP-BETA spectrum for 4C+03.30 based on 5 hr of observations.
The median noise per spectral channel is 24 mJy beam−1, corresponding to a 5σ optical depth
sensitivity of τ > 0.028. The chunk centred at ∼990 MHz is corrupted, which was a common
error encountered during observations.
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Figure B.19: Averaged ASKAP-BETA spectrum for 4C+04.51 based on 3 hr of observations.
The median noise per spectral channel is 30 mJy beam−1, corresponding to a 5σ optical depth
sensitivity of τ > 0.041. The chunks centred at ∼1015, 990, and 767 MHz were corrupted, due
to correlator issues in observations for this source.
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Figure B.20: Averaged ASKAP-BETA spectrum for PKS 1622−253 based on 11 hr of observa-
tions. The median noise per spectral channel is 16 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.039. The chunk centred at ∼990 MHz is corrupted, which was a
common error encountered during observations.
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Figure B.21: Averaged ASKAP-BETA spectrum for PKS 1829−718 based on 15.5 hr of ob-
servations. The median noise per spectral channel is 14 mJy beam−1, corresponding to a 5σ
optical depth sensitivity of τ > 0.020. The chunk centred at∼990 MHz is corrupted, which was
a common error encountered during observations.
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Figure B.22: Averaged ASKAP-BETA spectrum for PKS 1936−623 based on 8 hr of observa-
tions. The median noise per spectral channel is 28 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.071. The chunk centred at∼990 MHz is corrupted, and an increase in
noise is seen in other chunks, due to correlator issues in individual observations for this source.
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Figure B.23: Averaged ASKAP-BETA spectrum for PKS 2032−35 based on 6 hr of observa-
tions. The median noise per spectral channel is 18 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.011.
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Figure B.24: Averaged ASKAP-BETA spectrum for PKS 2140−81 based on 4 hr of observa-
tions. The median noise per spectral channel is 27 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.035. The chunk centred at ∼990 MHz is corrupted, which was a
common error encountered during observations.
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Figure B.25: Averaged ASKAP-BETA spectrum for PKS 2150−52 based on 5 hr of observa-
tions. The median noise per spectral channel is 16 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.014.
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Figure B.26: Averaged ASKAP-BETA spectrum for 4C+01.69 based on 4.5 hr of observations.
The median noise per spectral channel is 38 mJy beam−1, corresponding to a 5σ optical depth
sensitivity of τ > 0.050. The chunk centred at ∼990 MHz is corrupted, which was a common
error encountered during observations.
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Figure B.27: Averaged ASKAP-BETA spectrum for PKS 2307−282 based on 5 hr of observa-
tions. The median noise per spectral channel is 29 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.082. The chunk centred at ∼990 MHz is corrupted, which was a
common error encountered during observations.
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Figure B.28: Averaged ASKAP-BETA spectrum for PKS 2323−40 based on 6 hr of observa-
tions. The median noise per spectral channel is 21 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.021. An increase in noise is seen at regular intervals throughout the
spectrum (every 4 chunks, e.g. at 1015 MHz) due to correlator issues in some observations,
resulting in a reduced optical depth sensitivity in these parts of the spectrum.
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Figure B.29: Averaged ASKAP-BETA spectrum for [HB89] 2329−162 based on 5 hr of ob-
servations. The median noise per spectral channel is 35 mJy beam−1, corresponding to a 5σ
optical depth sensitivity of τ > 0.134. The chunk centred at ∼990 MHz is corrupted, and an
increase in noise is seen in other chunks, due to correlator issues in individual observations for
this source.
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Figure B.30: Averaged ASKAP-BETA spectrum for PKS 2331−41 based on 3 hr of observa-
tions. The median noise per spectral channel is 29 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.016.
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Figure B.31: Averaged ASKAP-BETA spectrum for PKS 2333−528 based on 7 hr of observa-
tions. The median noise per spectral channel is 20 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.046. The chunk centred at∼990 MHz is corrupted, and an increase in
noise is seen in other chunks, due to correlator issues in individual observations for this source.
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Figure B.32: Averaged ASKAP-BETA spectrum for PKS 2337−52 based on 4 hr of observa-
tions. The median noise per spectral channel is 34 mJy beam−1, corresponding to a 5σ optical
depth sensitivity of τ > 0.100. The chunk centred at∼990 MHz is corrupted, and an increase in
noise is seen in other chunks, due to correlator issues in individual observations for this source.

APPENDIX
C
Spectral energy distributions for the
obscured quasar sample
Presented below are the spectral energy distributions for the dust-obscured quasar sample searched
for HI absorption in Chapter 5. These figures were generated by Joseph Callingham through
model fitting code detailed in Callingham et al. (2015). Frequencies range from 72 MHz from
the MWA GLEAM survey (Hurley-Walker et al., 2017) to 20 GHz from the AT20G survey
(Murphy et al., 2010).
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Figure C.1: Radio spectral energy distributions for each source within the sample. Frequencies
range from 72 MHz from the MWA GLEAM survey (Hurley-Walker et al., 2017) to 20 GHz from
the AT20G survey (Murphy et al., 2010) when available for the sources. A generic curved
model fit (black) and a power-law fit (orange) is made for each SED as per the model fitting
code described in Callingham et al. (2015). A combination of the two fits (green) is used for
sources with complex (e.g. flat) spectral energy distributions. All sources with a black fit are
identified as a peak-spectrum source in Callingham et al. (2017). Curved model fits are not
included when no curvature is necessary for the best fit.
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Figure C.1: Continued.
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Figure C.1: Continued.
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